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Abstract: For an in-depth understanding of TOPMODEL performance and influences of TOPMODEL parameters on flood simulation, the
global sensitivity analysis methodology, Sobol′’s method, is used in this paper to assess TOPMODEL parameter sensitivity in terms of
individual parameter, interaction of parameters and combination of parameters using four flood prediction matrices. The results show that all
the TOPMODEL parameters have little influences individually on Nash–Sutcliffe Efficiency (NSE), Relative Error of Runoff Amount (RERA)
and Relative Error of Peak Flow (REPF). However, the effective lateral saturated transmissivity has a noticeable influence on Peak Flow Time
Error (PFTE). The combinations of parameters, form of exponential decline in conductivity and unsaturated zone time delay have notable
influences on NSE, RERA and REPF. The combination of parameters, form of exponential decline in conductivity and effective lateral saturated
transmissivity has remarkable influences on PFTE. These findings are important and will assist in understanding the performance of
TOPMODEL and its calibration for flood prediction.
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1 Introduction
Hydrological models have been popularly implemented in basin hydrological prediction which is needed for many aspects of water resources
management. Developed by Beven in 1979, TOPMODEL was one of the first attempts to simulate distributed hydrological responses. As to
parameter sensitivity analysis of TOPMODEL, the Mento Carlo based Hornberger–Spear–Yong (HSY) local sensitivity method is often used;
however, the interaction of parameters and their combination effects are not easy to detect.
Sobol′’s method is a global sensitivity analysis method and is able to identify the influence of each parameter, interaction of parameters and
their combination effects on the model outputs (Sobol′, 1993). Recently Sobol′’s method has become increasingly prevalent in hydrological
modeling as its ability to integrate consideration of parameters interaction and the relatively straightforward interpretation of the associated
results (e.g., Pappenberger et al., 2008; Van Werkhoven et al., 2008; Yang, 2011; Fu et al., 2012). Tang et al. (2007b) comprehensively
compared Sobol′’s method with other tools including local analysis, Regional Sensitivity Analysis (RSA), and Analysis of Variance (ANOVA).
It found that Sobol′’s method is the most effective approach to characterize single- and multi-parameter interactive sensitivities for lumped
watershed models. Furthermore, Tang et al. (2007a) used Sobol′’s method to a distributed hydrological watershed model named as the
Hydrology Laboratory Research Distributed Hydrologic Model (HL-RDHM), and the results obtained reveals that the method provides robust
sensitivity rankings.
Until now, Sobol′’s approach has not been used to analyze TOPMODEL parameter sensitivity in terms of individual parameter, interaction of
parameters and their combination. Therefore, in this paper, Sobol′’s method is implemented to reveal sensitivity for TOPMODEL parameters
in the Biliu River basin, China, in terms of four different matrices: Nash–Sutcliffe Efficiency (NSE), Relative Error of Runoff Amount (RERA),
Relative Error of Peak Flow (REPF) and Peak Flow Time Error (PFTE). This paper is organized as follows. Section 2 describes some details of
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TOPMODEL hydrological model and Sobol′’s method. Section 3 outlines the case study details. Section 4 provides the sensitivity analysis
results and discussion. Conclusions are given in section 5.

2 Methodology
2.1 Overview of TOPMODEL hydrological model
TOPMODEL is a physically based, variable contributing area model of basin hydrology which attempts to combine the advantages of simple
lumped parameter model with distributed effects (Beven et al., 1979). Fundamental of TOPMODEL’s parameterization of the dynamic
spatial hydrological response and the utilization of a topographic index of hydrological similarity are three basic assumptions: (1) saturatedzone dynamics can be approximated by successive steady-state representations; (2) hydrological gradients of the saturated zone can be
approximated by the local topographic surface slope; and (3) the transmissivity profile with a form of exponentially declining along vertical
depth of water table or storage is spatially constant. On the basis of above mentioned assumptions, the index of hydrological similarity is
represented as the topographic index, , where is the area per unit contour length and is local slope angle. The greater upslope contributing
areas and lower gradients areas are more likely to be saturated. More detailed descriptions of TOPMODEL and its mathematical formulation
can be found in Beven et al. (1979).
As the relatively simple model structure, fewer model parameters included and easily implemented, TOPMODEL has been popularly utilized
in many research studies (Bastola et al,. 2008, Blazkova et al., 1997, Bouilloud et al., 2010, Cameron et al., 1999, Gallart et al., 2008, Hossain
et al., 2005). Take China as a particular example, TOPMODEL has been used in climate change study (Liu et al., 2012), DEM resolution
influences on hydrological simulation (SUN Li-qun et al., 2008, Xiong et al., 2004, Xu et al., 2007), and other aspects (Guo et al., 2000,
Wang et al., 2007). However, none of the above applications include a global sensitivity analysis to advance the understanding of influences
of each parameter and parameters combination on the model performance in terms of different flood simulation matrices.
2.2 Sobol′’s method
Sobol′’s sensitivity is variance-based global quantitative sensitivity analysis method and has been popularly used in many aspects of
hydrological modelling (Fu et al., 2012, Hall et al., 2005, Saltelli, 2002, Sobol', 2001, Tang et al., 2007, Zhang et al., 2013). Sobol′’s method
(Sobol′, 1993) assumes that a model could be represented in the following functional form:

Y  f  X   f  X 1 , , X p 

(1)

where Y is the goodness-of-fit metric of model output, and X  X 1 , , X p  is the parameter set. In Sobol′’s method, the total

variance of function f , D y  , is decomposed into component variances from individual parameter and their interactions:
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where Di is the amount of variance due to the i th parameter X i , and Dij is the amount of variance due to the interaction between
parameter X i and X j . The sensitivity of single parameter or parameters interaction, i.e. Sobol′’s sensitivity indices of different orders, is
then assessed based on their percentage contribution to the total variance D :
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where D~i is the amount of variance due to all of the parameters except for X i , Si measures the sensitivity from the main effect of X i ,
Sij measures the sensitivity from the interactions between X i and X j , and STi measures the main effect of X i and its interactions
with all the other parameters.
The variances in Eq. 2 can be evaluated using approximate Monte Carlo numerical integrations, particularly when the model is highly
nonlinear and complex. The Monte Carlo approximations for D , Di , Dij , and D~i are defined as presented in the following prior
studies (Sobol′,1993, 2001; Hall et al. 2005):
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where n is the sample size, X s is the sampled individual in the scaled unit hypercube, and superscripts a  and b  represent two
different samples. All of the parameters take their values from sample a  are represented by X sa  . The variables X isa  and X isb 

denote that parameter X is uses the sampled values in sample a  and b  , respectively. The symbols X ~ais and X ~bis represent
cases when all of the parameters except for X is use the sampled values in sample a  and b  , respectively. The symbol X ia, j s

represents parameters X is and X js with sampled values in sample a  . Finally, X ~bi,~ j s represents the case when all of the
parameters except for X is and X js utilize sampled values from sample b  .

Sobol′’s sensitivity indices have been shown to be more effective than other approaches in capturing the interactions between a large number
of variables for highly nonlinear models (Tang et al., 2007a and b). Building on the recommendations of Tang et al. (2007a), the Latin
Hypercube sampling method (McKay et al., 1979) is used for implementing Sobol'’s method. By using Sobol′’s improvement method
(Saltelli, 2002), computing the first-order, second-order and total-order sensitivity indices only requires n  (m  2) model evaluations,
where n is the number of Latin Hypercube samples and m is the number of parameters being analyzed.

Journal of Hydrology and Environment Research

3

“Sobol′’s sensitivity analysis for TOPMODEL hydrological model …” Qi, Zhang , Chu and Zhou

3 Case study
3.1 Biliu River basin
Biliu River basin (2567 km2), locating in coast region between the Bohai Sea and the Huanghai Sea of China, covers longitudes from 122.29°E
to 122.92°E and latitudes from 39.54°N to 40.35°N. This basin is characterized by a temperate monsoon marine climate and summer (June to
September) is the major rainfall period. The major land cover types are forest and farmland, and the average annual temperature is 10.6°C.
Due to effects from ocean, the seasonal temperature difference is small. The basin average elevation is 240m. The maximal elevation is 985m in
northern part, which is a mountainous region, and the minimum elevation is 4.5m in southern part. There are ten rainfall stations and a
discharge gauge, and their spatial distributions are shown in Figure 1. The main study region is the upper sub-basin of Biliu reservoir, which
accounts for about 74.1% of the total catchment area.
3.2 Data set
The required data sets for TOPMODEL modeling mainly include: precipitation data, observed flow, evaporation, topography index and
cumulative area-distance relationship.

Figure 1 Biliu River Basin
In this paper, the basin average rainfall is calculated using thiessen method, and eight flood events of Biliu River basin are considered,
including one, two, three, eight, thirty and forty years Average Recurrence Interval (ARI). Evaporation is estimated with equation 12.

E  E p 1  SR 0




SR max 

(12)

where SR0 is the root zone storage deficit; SRmax is the maximum capacity of the root zone; and Ep is potential evaporation which can be
obtained from meteorological gauge. Topography index and cumulative area-distance relationship are derived with FORTRAN program, and
the spatial distribution of topography index is showed in Figure 2. Percentage distribution of topgraphy index and cumulative area-distance
relationship are displayed in Figure 3 and Figure 4, respectively.
3.3 Model parameters
Six main parameters are included in TOPMODEL, and their ranges and brief description are listed in Table 1. Usually SR0 and SRmax could be
estimated by experience or observation. However, all these methods cannot provide precise parameter values. Therefore, SR0 and SRmax are
given by ranges. In this paper, the parameter value ranges are given based on prior research by Liu (2008).
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.
Figure 2 The spatial distribution of topography index

Figure 3 The distribution of topgraphy index

Figure 4 Cumulative area-distance relation
3.4 Goodness-of-fit matrices
The sensitivity analysis for TOPMODEL with Sobol′’s approach considers four goodness-of-fit matrices which are considered as major criteria
to evaluate the applicability of flood prediction in China. These four matrices include Nash–Sutcliffe Efficiency (NSE), Relative Error of Runoff
Amount (RERA), Peak Flow Time Error (PFTE) and Relative Error of Peak Flow (REPF), and they are calculated using equation 13, 14, 15 and
16, respectively.
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where Q pi and Qti are the simulated and measured flows at time i ; n is the total number of flood time; Qt is the mean measured flows
during the flood period; T (Q ) is the simulated peak flood time of simulation; T (Q ) is the observed peak flood time; Q is the
simulated peak flood volume and Q is the observed peak flood volume. The NSE should be more close to 1.0 if simulation is better. The
lower the RERA, PFTE and REPF values are the better the simulation is performed. RERA, PFTE and REPF values of 0 indicate a perfect fit.
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3.5 Sensitivity analysis
Statistical sample size is a vital parameter for Sobol′’s approach. Tang et al. (2007b) employed a sample size of 8192 for Sobol′’s analysis
considering 18 model parameters. Fu et al. (2012) adopted a set of 2000 LHS samples for 21 parameters. Tang et al. (2007a) used a sample
size of 2000 for 403 variables. On the basis of these research studies, this paper takes a LHS sample size of 3000 into our research which
leads to 3000*(6+2) = 24000 model evaluations. The sensitivity analysis for TOPMODEL is based on the average NSE, RERA, PFTE and
REPF of eight flood events, which stands for a common sensitivity.

4 Results
4.1 Flood simulation
The best simulations of the eight flood events within total 24000 model runs are shown in Figure 5 and the corresponding four matrices are
displayed in Table 2. Table 2 and Figure 5 show that satisfactory flood simulation results are obtained. The aim of this paper is to analyze
parameter sensitivity with Sobol′’s approach, i.e., to obtain information concerning how individual parameter and parameters combination
influence model performances, which provides references to model parameter calibration.
4.2 First and total order sensitivity
The first and total order sensitivity indices are presented in Figure 6. In each panel, the x-axis represents parameters, and y-axis represents first
and total order sensitivity indices. These indices are defined with a threshold of 1%, which is subjective and their ease-of-satisfaction decreases
with increasing parameter interactions or numbers of parameters (Tang et al., 2007a.b).
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Table 1 Parameter ranges for TOPMODEL
Parameter

Description

Lower
bound

Upper
bound

SZM [m]

Form of the exponential decline in conductivity

0.005

0.04

LNT0[m2 h-1]

Effective lateral saturated transmissivity

-25

10

RV[m2 h-1]

Hillslope routing velocity

3500

8000

SRmax [m]

Maximum root zone storage

0.001

0.01

SR0[m]

Initial root zone deficit

0

0.01

TD [m h-1]

Unsaturated zone time delay per unit deficit

0.5

5

Figure 6 reveals that each parameter of TOPMODEL has few individual influences on NSE, RERA and REPF, and LNT0 has many effects
on PFTE. LNT0 mainly controls the relative proportion of surface flow and subsurface flow when surface soil is saturated. Usually surface
flow has faster routing speed than subsurface flow. As the assumption of TOPMODEL, surface flow and subsurface flow have the same
routing speed, therefore different component percentage of surface flow and subsurface flow could influence PFTE.
4.3 Second order sensitivity
The second order sensitivity indices are displayed in Figure 7. In each panel, the x-axis represents parameter couples, and y-axis represents
sensitivity indices. These indices are defined with a threshold of 1%. Figure 7 reveals that the parameter couple, SZM and TD, has massive
influences on NSE, RERA and REPF, and parameter couple, SZM and LNT0, has relatively remarkable effects on PFTE. It is mainly because
that discharge of TOPMODEL consists of two sources: surface flow and subsurface flow, and SZM, LNT0 and TD have something to do with
the saturated groundwater table variation and the delay time of runoff in soil profile.
Therefore, SZM, LNT0 and TD have many influences on runoff volume of every time step and the relative proportion of surface and
subsurface flow. Furthermore, as mentioned above, TOPMODEL assumes that surface flow and subsurface flow have the same routing velocity
(Beven et al. 2001, Beven et al. (1979), Peters et al., 2003), and hence discriminative proportion of surface and subsurface flow could influence
runoff hydrograph.
Overall, it can be found from Figure 6 and Figure 7 that SRmax and SR0 which primarily control evaporation have few influences. In the Biliu
River basin, runoff volume is relatively high and flood has a fairly short duration and hence evaporation has only minor effects.
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Table 2 Flood simulation results for the Biliu River basin
Flood

NSE

RERA(%)

PFTE

REPF (%)

19840615

0.96

-1.00

1

10.06

19850818

0.92

-9.78

1

7.52

19940815

0.96

-1.43

1

1.39

19950806

0.90

4.65

0

9.73

19960729

0.91

4.83

0

12.11

19980809

0.92

-1.32

1

1.28

20010816

0.85

-0.67

1

-1.69

20110807

0.97

-6.46

0

8.97

Figure 5 Flood simulation for the Biliu River basin
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Figure 6 First order and total order sensitivity index of TOPMODEL parameters using the four goodness-of-fit matrices.

Figure 7 Second order sensitivity index of TOPMODEL parameters using the four goodness-of-fit metrics.

5 Conclusions
This paper firstly provides a variance-based sensitivity analysis for TOPMODEL for the Biliu River basin, China. The analysis reveals the
individual effects, interaction effects and parameters combination effects on the model performances in terms of four matrices of flood
prediction. The results of this paper can provide valuable references for parameter calibration of flood prediction using TOPMODEL. The main
findings are summarized below:
i. Individual parameter of TOPMODEL has few influences on Nash–Sutcliffe Efficiency, Relative Error of Runoff Amount and
Relative Error of Peak Flow;
ii. One parameter, effective lateral saturated transmissivity, has great influences on Peak Flow Time Error;
iii. The parameter couple, form of the exponential decline in conductivity and unsaturated zone time delay per unit deficit, has massive
effects on Nash–Sutcliffe Efficiency, Relative Error of Runoff Amount and Relative Error of Peak Flow; and
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iv.

The parameter couple, form of the exponential decline in conductivity and effective lateral saturated transmissivity has many effects
on Peak Flow Time Error.
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