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Evaluating Hydrologic Behavior of Hydrology Simulation using 

Time Area (HYSTAR) Model through Sensitivity Analysis

민감도 분석을 통한 분산형 연속 강우유출모형(HYSTAR)의 수문학적 거동 평가

Her, Younggu*,†

허용구

Abstract

시간-면적 기법을 이용해 유역의 수문과정을 묘사하는 분산형 (distributed) 연속 (continuous) 강우유출모형인 HYSTAR의 거동특성과 주요 매개변수에 대한 민감도를

분석하였다. 유역의 수문조건에 따른 모형거동의 변화를 분석하기 위해 연속되는 4개의 개별 강우사상에 대한 민감도를 조사하고 비교하였다. 또한, 매개변수의 상호작용

이 민감도 분석결과에 미치는 영향을 파악하기 위해 두 가지 서로 다른 기법 (one-factor-at-a-time 과 all-factor-at-a-time 방법) 을 이용하여 산정된 민감도를 비교하였

다. 분석결과, 모형의 직접유출량, 첨두유량 및 도달시간 모의결과는 유출곡선번호 (curve number)에 가장 민감하게 반응하는 것으로 나타났으며, 토양의 깊이, van 
Genuchten 식의 매개변수, 작물계수에 큰 영향을 받았다. 한편, 모의된 기저유출량은 토양의 깊이를 비롯하여 van Genuchten 식의 매개변수, 작물계수 (crop coefficient),
이방성계수 (anisotropic coefficient), 유출곡선번호의 변화에 민감하였다. 매개변수에 대한 민감도는 분석에 이용된 강우사상에 따라 다르게 나타났으며, 유역의 토양수

분조건에 따라 다르게 거동하는 모형의 중요한 특성을 잘 반영하였다. 두 가지 서로 다른 기법을 이용한 민감도 분석결과는 모의된 직접유출량 및 기저유출량의 변화가 매개

변수의 상호작용에 의해 제한될 수 있음을 보여 주었다. 본 연구는 HYSTAR 모형의 매개변수에 대한 민감도 분석을 통해서 해당 모형의 거동을 정량적으로 보여주었고,
이를 통해 모형의 건전성 (soundness)을 입증할 수 있는 하나의 근거를 제시하였다. 본 연구결과는 향후 HYSTAR 모형을 이용한 수문분석 시 보정을 위한 매개변수 선정

에 활용될 수 있을 것으로 사료된다. 또한, 본 연구결과에서 나타난 민감도의 수문조건 (또는 선정된 강우사상)에 대한 의존성은 연속유출 모형의 민감도 분석을 위한 강우

사상 선정 및 민감도 분석결과의 해석에 유용한 정보를 제공할 수 있을 것으로 기대된다.
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Ⅰ. Introduction

The HYdrology Simulation using Time Area method 
(HYSTAR) is a new distributed continuous hydrologic 
model capable of simulating two-dimensional watershed 
processes including direct runoff generation and routing on 
overland areas and in channel networks, soil-water-vegetation 
interactions, and groundwater recharge and discharge (Her, 
2011). The model predicts runoff hydrographs of a watershed 
by describing spatio-temporal variations of the hydrologic 
processes in a continuous manner. In the model, a watershed 
is expressed as a group of homogeneous cells where the 
same topography, land use, and soil types can be assumed in 
a grid-based representation. For simulating direct runoff 

routing, the model combines a newly devised time-area 
routing scheme with a curve number (CN) method modified 
to take into account "reinfiltration" of water routed from 
upstream areas (Moglen, 2000) and soil water content in 
updating CN for individual rainfall events (Neitsch et al., 
2009). Unlike other distributed hydrologic models, HYSTAR 
does not require the solution of a partial differential (the 
Saint-Venant or shallow water) equation using numerical 
methods (Finite Difference/Element Methods: FDM/FEM) 
in describing two dimensional overland flow processes. In 
addition, a re-formalized time-area method of HYSTAR 
does not rely on the assumptions of the unit hydrograph 
method in predicting direct runoff hydrograph. Thus, the 
HYSTAR model is expected to provide a useful and efficient 
tool for improving our understanding of hydrologic 
processes and helping watershed management planning. The 
applicability and utilities of the model were demonstrated by 
comparing simulated hydrographs with observations made 
in an agricultural watershed and by investigating maps of 
simulated direct runoff and soil water variations, and further 
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details of the model can be found in Her (2011) and Her and 
Heatwole (2015).

Sensitivity analysis is a study to examine how changes in 
a model's input values affect its output so that it can identify 
sensitive inputs to the modeling output (Tang et al., 2007; 
Castaings et al., 2009; EPA, 2009). Investigating behavior of 
a model and screening insensitive inputs of the modeling are 
important tasks of sensitivity analysis. It is also defined as a 
study of determining contribution of individual input variables 
to uncertainty in model predictions (Helton, 1993) and of how 
uncertainty in model predictions is determined by uncertainty 
in model inputs (Lilburne et al., 2009). Examination of 
model behavior through sensitivity analysis provides an idea 
of how a model is organized. In hydrologic and water quality 
(H/WQ) modeling, sensitivity analysis maps responses of 
the modeling output against changes of input within the 
input space. One way to map the responses is to measure the 
impact of an input on the output while the other inputs are 
fixed. This approach is called the one-factor-at-a-time (OAT) 
methods (Saltelli et al., 2005), and it is the simplest method 
to screen sensitivity inputs and factors against the modeling 
output.

The OAT method investigates the direction and magnitude 
of changes in the model output occurred to a unit change of 
the parameter of interest while the other parameters are fixed 
to their base (nominal or calibrated) values. Thus, it ignores 
effect of interaction between parameters. For the same 
reason, however, the OAT method is useful in investigating 
if change in a parameter results in change in an output 
variable in the same or the opposite direction. Often, the 
OAT method focuses only on the vicinity of a point in the 
parameter space, and then it may be classified as a local 
sensitivity analysis. On the other hand, an all-factor-at-a-time 
(AAT) method investigates amount of variation in model 
output while all parameters are being varied at the same time 
and shows the integrated impact of parameter changes on the 
model output by considering interaction between parameters.

Detailed hydrologic behavior of HYSTAR has not been 
reported yet. Examining model sensitivity to parameters is 
one of the model development procedures to assess the 
soundness of the model. This study investigated sensitivity 
of HYSTAR’s outputs to selected parameters in order to (1) 
identify parameters that greatly influence outputs of the 

model and (2) investigate hydrologic behavior of the model. 
In the modeling experiments, four rainfall events that occurred 
consecutively were employed to see storm-dependent 
sensitivity of the model to the parameters. In addition, 
sensitivity of model outputs was quantified using the OAT 
and AAT methods, which were then compared to each other 
to investigate the impact of parameter interaction on the 
model outputs. This study demonstrated how the HYSTAR 
model responded to changes in its parameter values and 
hydrologic condition of a watershed and identified insensitive 
parameters that can be fixed to their default values rather 
than calibrated.

Ⅱ. Method and Material

1. HYSTAR

In HYSTAR, total runoff volume of a cell is equal to a 
summation of excess rainfall volume and the difference 
between volumes of inflows (routed from upstream areas) 
and outflows (to downstream areas) on the cell, which is 
described with a continuous equations developed for the cell 
surface. Modified CN methods (Moglen, 2000; Neitsch et 
al., 2009) are used in calculating excess rainfall volume for 
every individual overland cell, which then becomes a part of 
runoff volume of the cell. Flow discharge of an overland cell 
in a unit time interval is determined from the calculated 
runoff volume using the continuity equation and the 
Manning's equation under the steady, uniform flow assumptions. 
On the overland flow plane, the velocity of flow is calculated 
using the Manning's equation under an assumption of very 
thin sheet flow where hydraulic radius can be approximated 
to depth of flow. For the sake of simplicity, a rectangular 
cross section of the channel is assumed. Then, depth and 
velocity of channel flow at a point in the stream network are 
determined through iterative procedures of the Manning's 
equation using the calculated discharge of the cell in every 
time interval.

Once velocities and the corresponding travel time of 
runoff on the overland and in the channel cells are calculated 
for a time interval, then a time-area histogram for the time 
interval is constructed from the calculated travel time. Since 
flow velocity changes due to varying excess rainfall intensity 
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Fig. 1 Flow chart of routing direct runoff on overland (left) in channel (right) and updating soil water content (Her, 2011)

and total runoff volume vary over time, a new time-area map 
should be developed for every time interval to consider the 
impact of the temporally varying flow hydraulics on runoff 
hydrograph. Finally, a direct runoff hydrograph at a point of 
interest within a watershed can be constructed through 
discrete convolution using excess rainfall hyetograph and 
the developed time-area histograms.

Once inflow and outflow of direct runoff volume is 
calculated using the CN and routing methods for every cell 
within a watershed, soil water content of the soil root zone 
will be updated using another continuity equation developed 
for soil profile of the cell. The rate of percolation is determined 
using the van Genuchten equation that calculates unsaturated 
hydraulic conductivity at a given soil water content. The 
modified CN method (Neitsch et al., 2009) updates CN 
continuously with respect to variation in water content of the 
soil root zone. Then, water volume to be infiltrated into the 
soil root zone is determined by the continuity equation 
developed for the overland surface. Thus, soil water content 
of the soil root zone directly controls percolation of soil 
water into the aquifer and influences infiltration of surface 
runoff into soil root zone through feedback in the moisture- 
based CN adjustment.

For groundwater modeling in HYSTAR, an unconfined 

aquifer is assumed, and thus groundwater level is equal to 
hydraulic head of groundwater flow (free groundwater or 
phreatic surface). In addition, the Dupuit-Forchheimer 
assumptions are applied (Ritzema, et al., 1994). Thus, 
hydraulic head is not varied in the vertical direction and all 
groundwater velocity vectors are horizontal. Groundwater 
flow is also assumed steady and governed by Darcy's 
equation. Subsequently, the governing differential equation 
for groundwater flow is simplified to a function of recharge 
to the aquifer or percolation from soil root zone.

Overall simulation procedures and relationships between 
hydrologic components simulated in the model are presented 
in Figs. 1 and 2. As seen in Fig. 2, HYSTAR employs many 
parameters for two dimensional continuous simulation of 
watershed hydrology. Some of them can be directly measured 
at field, but we take advantage of calibration to determine 
values of others due to their conceptual and/or empirical 
nature in hydrologic modeling. Ten parameters were identified 
as calibration parameters based on their physical meanings 
and expected sensitivity, then the parameters were calibrated 
in a preliminary analysis so that this study could focus on the 
vicinity of the calibrated values in the parameter space 
(Table 1 and Fig. 3).
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SOIL: Soil input data (Soil Survey Geographic dataset - SSURGO); THIESS: Thiessen polygon; RAIN: Rainfall input data; CN 2: Curve Number at the AMCII condition; CN: Interpolated Curve Number 

with soil moisture; CN S: Soil water retention parameter of the CN method; FC: Field capacity; WP: Wilting point; HSG: Hydrologic soil group; EXRAIN: Excessive rainfall volume; INFILT: Infiltrated 
water volume; DWD: Cumulative water depletion depth from the readily evaporable soil zone depth at the previous time step; DRD: Cumulative water depletion depth from the root zone depth at the previous 
time step; SM: Soil moisture in the root zone depth; SD: The entire soil depth; RZDR: Ratio of the root zone depth to the entire soil depth; RZD: Root zone depth; LULC: Land use and land cover input data 
(NLCD 1992); BCC: Basal crop coefficient of the crop coefficient method; EFS: Effective fraction of soil surface covered by vegetation of the crop coefficient method; VGS: Vegetation growing stage input 
data; LOT: Location (longitude and latitude); TEMP: Temperature (max. and min. temperature); PET: Potential or reference evapotranspiration; TREAW: Soil water depletions of readily evaporable soil zone 
depth and the root zone depth by evapotranspiration; AET: Actual evapotranspiration; DEM: Digital Elevation Model (NED); FD: Flow direction; FAC: Flow accumulation; THA: Threshold area that defines 
initiation points of channel networks; CHNET: Channel network; CHDIM: Channel dimensions (width and depth of the rectangular shape); SLP: Slope of the overland and channel cells; MNO: Manning's 
roughness coefficient for the overland; MNC: Manning's roughness coefficient for the channel; ERVOL: Effective runoff volume; ORVEL: Overland runoff velocity; CRVEL: Channel runoff velocity; 
TTIME: Travel time of surface runoff; ISOCH: Isochrone map; SFHYDG: Surface flow hydrograph; SHC: Saturated hydraulic conductivity; POR: Soil porosity; RWC: Residual water content of soil; STXT: 
Soil texture; STXTP: Hydraulic properties according to soil texture; GCL: Coefficient L of the Van Genuchten equation; GCM: Coefficient M of the Van Genuchten equation; UHC: Unsaturated hydraulic 
conductivity; ANISO: Anisotropic ratio; PERC: Percolation volume; DFASS: Dupuit-Forchheimer assumptions; GWC: Groundwater loss and gain constant; GWHYDG: Groundwater or base flow 
hydrograph; HYDG: Hydrograph

Fig. 2 Relationship between variables and parameters of the model (Her, 2011)

Table 1 Calibration parameters of HYSTAR (Her and Heatwole, 2015)

Process Parameter Description Feature Range Starting Calibrated

Direct 

Runoff

CNF Curve Number scale factor Spatial Scale Factor1 0.5-1.5 1.00 1.094

MNO Manning’s roughness coefficient scale factor for overland Spatial Scale Factor 0.5-1.5 1.00 1.054

MNC Manning’s roughness coefficient scale factor for channel Spatial Scale Factor 0.5-1.5 1.00 1.171

THA
Threshold area that defines initiation points of channel 

networks
Unit: ha 1-100 10.00 17.91

Soil 

Moisture

GCL Coefficient l of the van Genuchten equation Dimensionless 0.25-0.75 0.50 0.662

GCM Coefficient m of the van Genuchten equation Dimensionless 0.25-0.75 0.50 0.325

BCC Basal crop coefficient scale factor Spatial Scale Factor 0.5-1.5 1.00 0.513

EFS
Effective fraction of soil surface covered by vegetation 

scale factor
Spatial Scale Factor 0.5-1.5 1.00 1.187

RZD Root zone depth scale factor Spatial Scale Factor 0.1-2.0 0.50 0.339

SAR Soil anisotropy ratio Dimensionless 0.1-2.0 1.00 0.164

1: Spatial scale factor proportionally adjusts parameter values distributed over a watershed so as to decrease the number of parameters 

to be calibrated. For instance, CNF of 0.10 increases curve numbers of all the cells within the watershed by 10%.
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Fig. 3 Location of the study watershed (QOD, shaded areas in 

the bottom) (Mostaghimi et al., 1999)

2. Study Area

The HYSTAR model was applied in predicting runoff at a 
subwatershed outlet (QOD, 329 ha) of the Owl Run watershed 
located in Fauquier County, Virginia (Fig. 3). The average 
annual rainfall for the Owl Run watershed is about 1000 mm 
(Mostaghimi et al., 1999). Although precipitation is relatively 
evenly distributed throughout the year, runoff is concentrated 
in the winter, from Dec to Mar, because of relatively wet soil 
moisture condition of the watershed in that season. The 
topography of the Owl Run watershed consists of rolling to 
steep Piedmont Plateau, and soils within the watershed are 
mostly shallow silt loams (Brannan et al., 2000). Nearly 70% 
of the watershed is used for agricultural production, including 
crop and livestock (Shukla et al., 2001). Based on NLCD 
1992, land use of the watershed includes 62% agricultural 
land, 31% forest, and 7% residential and commercial. 
Watershed topography and soil characteristics requried for 
HYSTAR modeling were derived from National Elevation 
Dataset (NED) of USGS and Soil Survey Geographic 

Database (SSURGO) of USDA-NRCS. Distributions of 
spatially varied parameters and features are presented in Fig. 3.

3. Sensitivity Analysis

Sensitivity of runoff simulation of HYSTAR to the ten 
parameters (CNF, MNO, MNC, THA, GCL, GCM, BCC, 
EFS, RZD, and SAR) was analyzed through Monte Carlo 
simulation using the Latin Hypercube sampling technique. 
As described before, HYSTAR simulates direct runoff and 
baseflow hydrographs separately and then combines them to 
construct total runoff hydrographs. Thus, sensitivity of 
direct runoff and baseflow hydrographs simulated using 
HYSTAR to parameters was also separately examined in 
this study, which was expected to provide an opportunity to 
exhibit hydrologic behaviors of the model in detail. Changes 
in characteristics of the simulated direct runoff hydrographs, 
such as peak direct runoff, total direct runoff volume, and 
time to peak direct runoff, were investigated while values of 
parameters were being varied. The four consecutive rainfall 
events that occurred between 2 and 10 Sep 1992 in ORD 
were used in the analysis. The first and second events lasted 
7 and 28 hours and produced rainfall depths of 35.6 and 23.0 
mm, respectively. On the other hand, the third event gave 
only 8.1-mm rainfall depth during 4 hours. Then, rainfall 
depth increased to 22.6 mm for 6 hours in the fourth event. 
Parameter value sets of 100 for each parameter (thus total 
1,000 samples) were randomly sampled within their own 
ranges predetermined based on consideration of their 
physical meanings and literature (Tables 1 and 2). While 
values of a parameter were sampled, those of the other 
parameters were set to their calibrated values for the OAT 
method (Tables 1 and 2). On the other hand, sampled values 
of all the parameters were simultaneously incorporated into 
the analysis for the AAT method. Sensitivity of the direct 
hydrographs was examined separately for different rainfall 
events in order to show storm-dependent behavior of the 
model and responses of the hydrologic simulation to initial 
soil moisture condition. Model sensitivity was examined 
qualitatively by plotting output values for each unique set of 
parameters and quantitatively using statistical measures 
such as interquartile range (IQR), standard deviation 
(Stdev), and coefficient of variation (CV) representing the 
magnitude of variations in the model outputs.
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Table 2 Statistics of the parameter values sampled by the Monte Carlo sampling in the sensitivity analysis

Stat. CNF MNO MNC THA GCL GCM BCC EFS RZD SAR

Median 1.00 1.00 1.00 50.46 0.50 0.50 1.00 1.00 1.04 1.06

Q1 0.75 0.75 0.75 25.93 0.37 0.38 0.75 0.75 0.58 0.58

MIN 0.51 0.51 0.51 1.56 0.25 0.25 0.50 0.50 0.12 0.11

MAX 1.50 1.49 1.49 99.80 0.75 0.75 1.49 1.50 1.99 1.99

Q3 1.24 1.25 1.25 74.72 0.62 0.62 1.25 1.25 1.53 1.52

MEAN 1.00 1.00 1.00 50.49 0.50 0.50 1.00 1.00 1.05 1.05

Stdev 0.29 0.29 0.29 28.73 0.15 0.15 0.29 0.29 0.55 0.55

CV 0.29 0.29 0.29 0.57 0.29 0.29 0.29 0.29 0.52 0.52

Ⅲ. Results and Discussion

1. Direct runoff simulation

Variations in the characteristics of the direct runoff 
hydrographs simulated using 100 unique parameter value 
sets sampled are plotted for each parameter in Fig. 4. At the 
watershed outlet, direct runoff was generated when CNF is 
around 1.0 and 1.1 for the first and third events, respectively 
(Figs. 4a and 4b). It means that greater curve numbers were 
required to generate direct runoff in the third event than the 
first. Because evapotranspiration and percolation occurred 
between the two rainfall events would lower soil water 
content in the root zone, the soil moisture condition became 
drier at the beginning of the third event than the first in spite 
of soil moisture recharge made by the second event when 
amount of rainfall was small.

Peak direct runoff occasionally dropped due to routing, 
whereas direct runoff volume rose monotonically as curve 
number increased (Figs 4a and 4b). Increased direct runoff 
volume in a certain area within the watershed might allow 
the direct runoff volume generated along its flow path to 
reach the outlet more quickly by increasing overall velocity 
of the direct runoff volume, thus the peak of the hydrograph 
would be flattened. In addition, in Fig. 4b, as curve number 
increased, direct runoff volume passing the outlet increased, 
but runoff increase rates began decreasing at a certain point 
(when CNF became greater than about 1.24) because the 
maximum curve number was set to 99 and waterhsed areas 
that have the maximum curve number increased.

When no direct runoff was generated at the outlet, time to 
peak direct runoff was assigned to one. However, when 
direct runoff volume was just created at the CNF of around 

1.0 to 1.1, the time to peak direct runoff was maximized (Fig. 
4a). Then, as CNF increased from the threshold values, time 
to peak direct runoff decreased rapidly and converged into 
the minima of 5 to 7. In Manning's equation for calculating 
channel flow velocity, when flow width of a rectangular 
channel is fixed, flow depth becomes proportional to direct 
runoff volume, and then channel flow velocity increases 
logarithmically as flow depth increases. In addition, decrease 
in time to peak direct runoff is limited by the channel flow 
velocity because travel time is inversely proportional to flow 
velocity.

Sensitivity of the hydrograph to THA looks more dynamic 
and complicated than the sensitivity to other parameters. In 
Figs 4c and 4d, peak runoff quickly dropped as THA 
increased up to about 30 ha then became rather constant until 
THA reached to about 80 ha. In theory, a small THA 
produces denser channel networks and facilitates faster 
contribution of overland areas to direct runoff hydrograph at 
a watershed outlet, thus peak runoff may increase but time to 
peak direct runoff may decrease. When THA was less than 
30 ha, the direct runoff hydrograph might be mainly 
controlled by channel hydraulics. On the other hand, when 
THA is greater than 80 ha (about 25% of the watershed area), 
overland hydraulics may dominate the direct runoff 
hydrograph. Thus, time to peak direct runoff decreased 
rapidly due to large roughness coefficient and subsequent 
slow velocity of overland runoff. Abrupt rises of peak runoff 
near THA of 80 to 90 ha might be caused by merging of 
hydrographs that had higher parts in a similar time at a 
junction. Between THAs of 30 and 80 ha, overland and 
channel hydraulic looked balanced in control of peak direct 
runoff and time to peak direct runoff. In Fig 4d, runoff 
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(a) (b)

(c) (d)

(e)
(f)

(g) (h)
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(i) (j)

(k) (l)

(m) (n)

Fig. 4 Responses of peak direct runoff rate, time to peak, and direct runoff volume simulated for the four rainfall events to changes in 

parameter values

volume fluctuated when THA was less than about 30 ha, and 
then became stable until THA reached 70 ha. When THA 
was over 70 ha, runoff volume increased with fluctuation.

Simulated hydrographs were not greatly sensitive to 
GCL. Only peak direct runoff and direct runoff volume of 
the fourth event slightly increased with increased GCL. 
Therefore, GCL can be regarded as an superfluous parameter 
for short-term direct runoff hydrology simulation of 
HYSTAR, and then it can be skipped to reduce the number 
of parameters to be calibrated. On the other hand, as GCM 

increased, peak direct runoff and direct runoff volume of the 
fourth event were greatly decreased (Figs. 4e and 4f). GCM 
is one of the coefficients in the van Genuchten equation that 
describes a ratio of unsaturated hydraulic conductivity to 
saturated hydraulic conductivity based on soil water content. 
A bigger GCM will produce higher unsaturated hydraulic 
conductivity and subsequently greater percolation volume, 
which is one of the soil water losses from the soil root zone. 
Thus, the impact of GCM change would be greater on direct 
runoff hydrograph generated by a following rainfall event 
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that allows longer time for percolation to occur. An abrupt 
change in time to peak direct runoff of the second event was 
observed as GCM varied from 0.52 to 0.53 (Fig. 4e). The 
second event produced a hydrograph that had distinguished 
two runoff peaks, and the later peak became higher than the 
earlier as GCM increased.

The sensitivity of direct runoff to BCC is similar to that 
for GCM (Figs. 4e to 4h). As BCC increased, peak runoff 
and runoff volume decreased but time to peak direct runoff 
increased because a greater crop coefficient would remove 
more soil water from the root zone then made the soil dry. In 
addition, the direct runoff hydrograph generated by a 
following rainfall event might be more susceptible to change 
in BCC because of evapotranspiration occurred between two 
events. On the other hand, as EFS increased, peak runoff and 
runoff volume increased but time to peak direct runoff 
decreased (Figures 4i and 4j). When EFS went over about 
1.05, they became constant since the maximum 'kfc', 
fraction of cover area covered by vegetation, for all the land 
cover classes was set to 1. The runoff hydrograph of the 
second event had two peaks, and the abrupt changes in time 
to peak direct runoff for the second event were caused by 
movement of the highest direct runoff over the two peaks.

RZD represents a ratio of the root zone depth, where soil 
water content actively responses to inflow and outflow of 
water, to the predefined soil zone depth of about 150 cm for 
the watershed from SSURGO. As seen in Figs. 4k and 4l, 
peak direct runoff and direct runoff volume reached their 
maxima when RZD was around 0.15. Then, they decreased 
exponentially as RZD increased. In the model, rates of 
evapotranspiration and percolation are a function of soil 
water content, and they become limited when the soil gets 
dry. On the other hand, infiltration rate is not directly 
determined by soil water content but curve number. 
However, curve number is determined based on soil water 
content, and low soil water content will result in less amount 
of excess rainfall and subsequent more infiltration. In 
addition, the total amount of infiltrated water was much 
greater than that of evapotranspirated and percolated water 
within a relatively short period of 10 days, 2 to 10 Sep 1992 
(between the first and fourth events). Thus, variation in the 
soil water content might be dominated by infiltration than 
evapotranspiration and percolation in the period. 

As RZD increased, proportion of the infiltrated water 
volume to the root zone depth got smaller, and then increase 
in soil water content by the infiltrated water volume became 
smaller. Subsequently, as RZD increased, curve numbers for 
the following events were adjusted to lower values, and thus 
peak runoff and runoff volume decreased but time to peak 
direct runoff increased.

SAR signifies a ratio of vertical unsaturated hydraulic 
conductivity to horizontal unsaturated conductivity calculated 
by the van Genuchten equation, and percolation rate is 
proportional to the vertical unsaturated hydraulic conductivity. 
Thus, a higher SAR will produce a greater percolation rate. 
Consequently, as SAR increases, soil moisture content drops 
more quickly by an increased percolation rate, and then 
curve number might be adjusted into lower values. As seen 
in Figs. 4m and 4m, therefore, when SAR increased, peak 
runoff and runoff volume decreased but time to peak direct 
runoff increased. In addition, because the fourth event 
allowed more time for percolation to occur, its hydrograph 
was more sensitive to SAR.

Tables 3 to 5 show quantitative measures for sensitivity of 
direct runoff hydrograph to the parameters using statistics 
such as IQR, Stdev, and CV. Although the statistics do not 
represent in which direction variation in an output of interest 
occurs as parameters changes, they allow quantitative 
comparison of the overall sensitivity to a parameter. The 
sampled parameter sets were also used to see impact of the 
interaction between the parameters on direct runoff 
hydrograph. It is denoted as 'All' in Tables 3 to 5.

All the three statistics provided in Tables 3 to 5, IQR, 
Stdev, and CV, represent degree of dispersion in the model 
outputs of interest. Thus, they can show how much responsive 
a direct runoff hydrograph is to changes in parameter. CV 
normalizes variance with an average so that it can used to 
compare sensitivities of direct runoff hydrographs developed 
for different rainfall events. No parameter sets except for 
CNF produced any runoff for the third event, and thus 
statistics for the rainfall event were zero or not defined. In 
addition, as mentioned earlier, a direct runoff hydrograph for 
the first event is not responsive to the parameters for soil 
moisture simulation including GCL, GCM, BCC, EFS, 
RZD, and SAR.

The simulated direct runoff hydrograph was most 
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Table 3 Sensitivity of peak direct runoff rate (m
3
/s) to the parameters in the four rainfall events

Event Stat. All CNF MNO MNC THA GCL GCM BCC EFS RZD SAR

1st

IQR 6.54 6.66 0.04 0.05 0.10 0.00 0.00 0.00 0.00 0.00 0.00

Stdev 4.82 4.91 0.03 0.05 0.13 0.00 0.00 0.00 0.00 0.00 0.00

CV 1.50 1.44 0.06 0.09 0.32 0.00 0.00 0.00 0.00 0.00 0.00

Mean 3.20 3.41 0.53 0.58 0.40 0.52 0.52 0.52 0.52 0.52 0.52

2nd

IQR 2.02 2.91 0.01 0.01 0.02 0.00 0.05 0.02 0.03 0.02 0.02

Stdev 2.40 2.72 0.01 0.01 0.01 0.00 0.02 0.01 0.02 0.05 0.01

CV 1.73 1.60 0.08 0.06 0.15 0.02 0.44 0.34 0.27 1.02 0.25

Mean 1.39 1.70 0.08 0.08 0.07 0.08 0.05 0.04 0.06 0.05 0.06

3rd

IQR 0.30 0.65 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Stdev 0.79 0.97 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

CV 1.99 1.77 - - - - - - - - -

Mean 0.39 0.55 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

4th

IQR 2.56 3.37 0.08 0.03 0.04 0.02 0.28 0.14 0.31 0.15 0.13

Stdev 2.83 2.88 0.05 0.02 0.14 0.02 0.18 0.11 0.15 0.19 0.11

CV 1.71 1.48 0.10 0.05 0.42 0.03 0.79 0.76 0.45 1.01 0.54

Mean 1.66 1.94 0.49 0.46 0.33 0.46 0.22 0.15 0.33 0.19 0.20

Table 4 Sensitivity of time to peak (hr) to the parameters in the four rainfall events

Event Stat. All CNF MNO MNC THA GCL GCM BCC EFS RZD SAR

1st

IQR 7.00 6.00 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Stdev 4.56 4.43 0.00 0.48 0.00 0.00 0.00 0.00 0.00 0.00 0.00

CV 0.92 0.95 0.00 0.06 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Mean 4.97 4.68 8.00 7.65 8.00 8.00 8.00 8.00 8.00 8.00 8.00

2nd

IQR 6.00 5.00 2.00 1.00 1.00 1.00 18.25 18.00 1.00 7.00 17.00

Stdev 6.45 6.45 0.85 0.80 2.74 0.46 9.33 9.86 3.46 9.93 8.37

CV 1.38 1.53 0.10 0.09 0.30 0.06 0.52 0.55 0.34 0.37 0.50

Mean 4.68 4.21 8.84 8.48 9.19 8.31 17.86 18.06 10.24 27.18 16.59

3rd

IQR 3.00 3.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Stdev 2.78 3.28 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

CV 1.06 1.15 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Mean 2.63 2.86 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

4th

IQR 5.00 4.00 0.00 0.00 0.00 0.00 3.00 2.00 1.00 3.00 1.00

Stdev 3.17 2.65 0.00 0.22 0.81 0.00 1.85 1.48 0.73 1.71 1.00

CV 0.93 0.82 0.00 0.03 0.11 0.00 0.21 0.16 0.10 0.18 0.12

Mean 3.41 3.23 7.00 6.95 7.13 7.00 8.81 9.04 7.53 9.53 8.63

sensitive to CNF for all the rainfall events. In the case of 
peak runoff, CNF was followed by THA, MNC, and MNO 
for the first event, but a direct runoff hydrograph was more 
sensitive to the parameters for soil moisture simulation in the 
second and fourth events. In particular, CV of RZD was 

significantly greater than those of the others expect for CNF. 
GCM and BCC that control evapotranspiration rates of soil 
water from the root zone depth were also identified as very 
sensitive parameters for peak runoff of the second and fourth 
events, and their CVs were greater in the fourth than in the 
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Table 5 Sensitivity of direct runoff volume (m
3
) to the parameters in the four rainfall events

Event Stat. All CNF MNO MNC THA GCL GCM BCC EFS RZD SAR

1st

IQR 105,047 92,248 84 256 560 0 0 0 0 0 0

Stdev 94,948 71,723 94 170 388 0 0 0 0 0 0

CV 1.54 1.50 0.01 0.02 0.04 0.00 0.00 0.00 0.00 0.00 0.00

Mean 61,784 47,844 8,838 8,866 8,751 8,841 8,841 8,841 8,841 8,841 8,841

2nd

IQR 66,381 71,182 204 155 595 66 2,783 1,539 1,820 1,481 1,328

Stdev 67,395 54,348 142 116 685 53 1,496 991 1,004 2,762 812

CV 1.68 1.49 0.03 0.02 0.19 0.01 0.48 0.38 0.25 1.17 0.24

Mean 40,080 36,405 4,909 4,783 3,679 4,787 3,145 2,583 3,951 2,369 3,416

3rd

IQR 4,779 9,733 0 0 0 0 0 0 0 0 0

Stdev 15,830 12,745 0 0 0 0 0 0 0 0 0

CV 2.03 1.73 - - - - - - - - -

Mean 7,788 7,381 0 0 0 0 0 0 0 0 0

4th

IQR 52,528 62,667 163 412 1,139 218 5,664 2,856 5,015 2,524 2,282

Stdev 56,875 48,316 127 269 594 150 3,265 2,147 2,493 3,542 1,879

CV 1.70 1.45 0.01 0.03 0.08 0.02 0.78 0.69 0.39 0.93 0.46

Mean 33,470 33,258 8,730 8,497 7,771 8,637 4,168 3,097 6,462 3,825 4,101

second. It proved that a direct runoff hydrograph of the 
following event is more sensitive to change in the 
parameters for soil moisture simulation. On the other hand, 
peak runoff was not responsive to MNO and MNC varying 
within the predefined ranges based on the literature in the 
two events. GCL was recognized as the least sensitive 
parameter for peak direct runoff, time to peak direct runoff, 
and direct runoff volume consistently.

In the case of time to peak direct runoff, CVs of GCM and 
BCC became similar to or greater than that of RZD. 
Especially, variation in time to peak direct runoff became 
much greater in the second event due to switch of the 
maximum direct runoff between two peaks. Contrary to the 
cases of peak runoff and runoff volume, CVs of 'All' (AAT) 
was smaller than those of CNF. This means that variation in 
the direct runoff hydrograph caused by changes in the 
parameter values was limited or enhanced by interaction 
between the parameters. However, the interaction did not 
appear strong because the direct runoff hydrograph is very 
sensitive to one parameter, CNF.

Sensitivity of direct runoff volume to the parameters was 
very similar to that of peak runoff. RZD showed strong 
sensitivity for direct runoff volume, and it was followed by 
GCM and BCC. In addition, CVs of the parameters for soil 

moisture simulation became greater in the fourth than in the 
second event. In summary, CNF was the most sensitive 
parameter for direct runoff hydrograph in all the rainfall 
events, but the other three parameters for direct runoff 
simulation were not strongly sensitive for the second and 
fourth events. Three parameters, RZD, GCM, and BCC, of 
the parameters for soil moisture simulation were sensitive 
for a direct runoff hydrograph in all the rainfall events. Their 
impact became more significant in the fourth event because 
longer time for them to participate into controlling soil water 
content was allowed.

2. Baseflow simulation

Sensitivity of base flow simulation of HYSTAR to the 10 
parameters was analyzed through the same method utilized 
in the sensitivity analysis for direct runoff simulation. Since 
the response of baseflow simulation was expected to be 
much simpler than that of direct runoff simulation, only 10 
parameter value sets (rather than 1000) for each parameter 
were randomly sampled for efficiency. Base flow volume 
was insensitive to the parameters for direct runoff simulation 
(MNO, MNC, and THA) except CNF (Fig. 5a). Simulated 
base flow volume decreased with increased CNF. A higher 
curve number produces greater direct runoff volume and 
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(a) (b)

(c) (d)

(e)

(f)

Fig. 5 Responses of baseflow volume simulated for the four rainfall events to changes in parameter values

subsequently make runoff velocity faster. Thus, it reduces 
overall time for runoff to be infiltrated into the soil, and then 
soil becomes dry. A percolation rate is small in the dry soil 
and subsequently base flow volume becomes small. 
However, when CNF was less than about 0.9, base flow was 
not responsive to CNF because all the rainfall was infiltrated 
into the soil and no direct runoff was generated.

Unsaturated hydraulic conductivity is exponentially pro-
portional to GCM, which is reflected in Fig. 5b. Sensitivity 
of base flow volume to GCM was the greatest in the first 
event and it gradually decreased in the following events. On 
the other hand, as BCC increased, base flow volume decreased 

because a higher BCC may take more moisture from the soil 
(Fig. 5c). In addition, its impact on base flow volume 
increased in the following rainfall events because the later 
event would allow more time for soil moisture to be 
evapotranspirated. Definitely, base flow volume decreased 
as EFS increased (Fig. 5d). When EFS became greater than 
about 1.10, however, it was not sensitive to EFS since most 
of the 'kfc' values reached to the maximum of 1.

In Fig. 5e, as RZD increased, base flow volume decreased 
exponentially. As RZD increasing, the contribution of the 
infiltrated runoff to soil water content of the root zone depth 
becomes weaker while percolation continues until the soil 
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Table 6 Sensitivity of baseflow volume (10
3
 m

3
) to the parameters in the four rainfall events

Event Stat. All CNF MNO MNC THA GCL GCM BCC EFS RZD SAR

1st

IQR 25,729 142 5 8 6 234 18,504 263 280 441 6,049

Stdev 22,710 413 5 6 15 149 12,826 186 178 768 4,332

CV 0.766 0.286 0.002 0.003 0.008 0.076 0.841 0.128 0.107 0.880 0.487

2nd

IQR 12,788 462 23 25 15 319 14,456 1,007 1,251 901 5,807

Stdev 14,427 910 13 17 29 202 9,250 729 728 1,742 4,473

CV 0.714 0.338 0.004 0.005 0.008 0.054 0.633 0.360 0.243 1.186 0.373

3rd

IQR 9,223 405 5 13 3 211 6,973 852 1,189 694 2,413

Stdev 8,616 693 4 8 11 134 4,466 639 641 1,175 2,043

CV 0.803 0.340 0.001 0.003 0.004 0.049 0.546 0.563 0.306 1.099 0.299

4th

IQR 5,538 692 8 31 4 176 5,052 1,131 1,695 868 2,464

Stdev 5,385 975 6 18 27 110 3,393 874 914 1,745 2,156

CV 0.673 0.377 0.002 0.005 0.008 0.031 0.439 0.661 0.339 1.376 0.268

water content reaches the residual water content (the 
minimum soil moisture). In Figure 5f, as SAR increased, 
base flow volume increased. Percolation rate is directly 
proportional to SAR but limited by decreased soil water 
content. Thus, the relationship between them is not completely 
linear in the figure.

As seen in Table 6, the simulated base flow volume was 
most sensitive to RZD for all the rainfall events, and then it 
was followed by GCM, BCC, SAR, and CNF. While GCM 
produced higher variation of the simulated base flow 
volume, RZD provided higher normalized variation. The 
simulated base flow volume was most insensitive to GCL 
among the parameters for soil moisture simulation.

As seen in Figs. 4 and 5, the model showed different 
hydrologic responses to the events even when the same 
parameter values were applied, which clearly represented 
storm-dependent sensitivity of the model. In HYSTAR, soil 
water content acts as the initial and boundary conditions for 
direct runoff and baseflow simulations (Figs. 1 and 2), and 
they spatiotemporally vary over a watershed in every time 
interval. Thus, any input causing change in soil water 
content will lead to change of direct runoff and baseflow 
simulation results of the model.

Ⅳ. Summary and Conclusions

Sensitivity of HYSTAR’s outputs, including direct runoff 

volume, peak rate, and time to peak, to its parameters was 
investigated using multiple rainfall events and sensitivity 
analysis methods. In this study, the curve number (CNF) was 
identified as the overall most sensitive parameter for direct 
runoff, and it was followed by the soil (or root zone) depth 
(RZD), one of van Genuchten equation’s coefficient (GCM), 
and the crop coefficient (BCC). On the other hand, the base 
flow volume was most sensitive to RZD, and responsive to 
GCM, BCC, the anisotropic coefficient (SAR), and CNF. 
The sensitivity analysis showed unique sensitivity of the 
simulated direct runoff and base flow volume to the 
parameters in different rainfall events. The simulated runoff 
was much less sensitive to the other coefficient of the van 
Genuchten equation (GCL) and Manning’s roughness 
coefficients for overland and channel flow, which thus can 
be fixed to their default (nominal) values without calibration 
in a model application as long as their values are within the 
reasonable ranges that can be found in the literature. It must 
be noted that sensitivity analysis results are model and 
case-dependent, thus generalization of the modeling results 
should be made with great care. The comparison of 
sensitivity calculated using the OAT and AAT methods 
showed that the variations of the simulated direct runoff and 
base flow volume were limited by interaction between the 
parameters.

In this study, hydrologic behavior of HYSTAR demonstrated 
through the parameter sensitivity could be well explained 
with understandings on hydrological processes, implying 
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the soundness of the model. In addition, the storm-dependent 
sensitivity indicated that the model behavior is responsive to 
hydrologic condition (soil water) of the watershed, which is 
a required feature of a continuous hydrologic model. The 
sensitivity analysis results of this study should be useful in 
selecting calibration parameters in an application of the 
model, and they provided information that can help develop 
a sensitivity analysis strategy for a continuous hydrologic 
model and interpret the analysis results.
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