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Sensitivity analysis of Xinanjiang rainfall–runoff
model parameters: a case study in Lianghui,
Zhejiang province, China
Danrong Zhang, Liru Zhang, Yiqing Guan, Xi Chen and Xinfang Chen

ABSTRACT
The Xinanjiang rainfall–runoff model has been successfully applied in many humid and sub-humid areas
in China since 1973. The wide application is due to the simple model structure, the clear physical
meaning of the parameters and the well-deﬁned model calibration procedure. However, due to a data
scarcity problem and short runoff concentration time, its applications to small drainage basins are
difﬁcult. Therefore, we investigate the model application in Lianghui, a small drainage basin of Zhejiang
province in China. By using generalized likelihood uncertainty estimation (GLUE) methodology, the
sensitivity of parameters of Xinanjiang model was investigated. The data clearly showed that equiﬁnality
phenomenon was evident in both water balance parameter calibration and runoff routing parameter
calibration procedures. The results showed that K (evapotranspiration conversion coefﬁcient), Cs
(recession constant in channel system) and Sm (areal free water storage capacity of surface soil) are the
most sensitive parameters for the water balance parameter calibration while Cs, Sm and Wm (mean area
tension water capacity) are the most sensitive parameters for runoff routing parameter calibration. The
conclusion is favourable for understanding parameters of Xinanjiang model in order to provide valuable
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scientiﬁc information for simulating hydrological processes in small drainage basins.
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INTRODUCTION
The Xinanjiang hydrological model, developed in 1973, is a

many have already been found to be insensitive given appro-

conceptual watershed model that has been used widely and

priate initial values (Zhao ; Zhao & Wang ; Zhao

successfully for simulating streamﬂow in humid and semi-

).

humid areas in China (e.g. Tong ; Zhao et al. ; Jin

The Xinanjiang model was applied to some humid and

et al. ; Li et al. ). It has been used in many hydro-

semi-humid basins where the model had not been used

logic projects for the purpose of predicting ﬂoods. The

before or where new data were available, and was compared

model has been applied to assist with water resources

with other hydrological models (Guan et al. ; Ju et al.

estimation,

hydrological

). The model structure is modiﬁed in order to apply it

station planning and water quality accounting. The wide

to areas where the Xinanjiang model was thought to be unsui-

application is due to the simple model structure, the clear

table, e.g. semi-arid areas. The sensitivity of the parameters

physical meaning of the parameters and the well-deﬁned

and the calibration procedure have been re-evaluated and

model calibration procedure. Xinanjiang’s model structure

the local and regional empirical ranges of the parameters

water

project

programming,

is simple compared to other hydrologic models (Dong

were derived (Zhang et al. ). Remote sensing and geo-

et al. ; Xie et al. ; Wang et al. ). All of

graphic information systems (GIS) data have been used to

the

improve data input, and digital elevation model (DEM) data

parameters

have

clear

physical
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have been utilized to deﬁne the boundary of the basin and sub-

the outﬂow hydrograph from each sub-basin is ﬁrst simu-

basin (Li et al. ).

lated and then routed down along the channels to the

New automatic calibration methods were introduced
(Hapuarachchi et al. ; Cheng et al. ; Cheng et al.

main basin outlet. The schematic diagram of Xinanjiang
model is shown in Figure 1 (Zhao ).

). Real-time prediction and coupled atmospheric-

For the Xinanjiang model, there are 15 parameters for

hydrological modelling are also important aspects of the

a sub-basin when using the lag and routed method. The

model development (Lin et al. ). In recent years, the

15 parameters may be grouped as follows (Zhao ):

uncertainty of parameter identiﬁcation and model prediction were also studied but mainly for large river basins
(Li & Liang ; Su et al. ).

1. Evapotranspiration, which consumes the soil moisture
storage. The parameters involved in this group are K,

The performance of a rainfall–runoff model depends heav-

Um, Lm and C. K is an adjustment coefﬁcient for potential

ily on the selection of suitable model parameters. Traditional

evapotranspiration, Um is upper zone tension water

parameter calibration of a hydrological model aims to ﬁnd a

capacity, Lm is lower zone tension water capacity and C

group of parameters which can best reﬂect the characteristics

is the coefﬁcient of deep evapotranspiration.

of the basin. However, Beven & Binley () found the

2. Runoff production, which produces the runoff according

phenomenon of ‘equiﬁnality’ among parameters groups. In

to the rainfall and soil moisture storage deﬁcit. The par-

order to deal with the equiﬁnality phenomenon, Beven and

ameters involved in this group are Wm, B and Im. Wm is

Binley proposed the generalized likelihood uncertainty esti-

mean area tension water capacity, B is the exponent of

mation (GLUE) method. In recent years, GLUE has been

the tension water capacity curve and Im is the ratio of

used in China to investigate the uncertainty of hydrologic

impervious area to the total area of the basin.

models and parameter identiﬁcation. The GLUE method

3. Total runoff separation, which divides the total runoff

was applied to the Lushi watershed of Yellow River and the

into three components: surface runoff, subsurface ﬂow

results were helpful for analyzing the parameter uncertainty

and groundwater ﬂow. The parameters involved in this

of a hydrological model (Mo et al. ). Huang & Xie ()

group are Ex, Sm, Kg and Ki. Ex is the exponent of the

used the Xingfeng catchments as an example to study the

free water capacity distribution curve, Sm is the mean

uncertainty of TOPMODEL (topography model) using the

area free water storage capacity of the surface soil layer,

GLUE method.

Kg is the daily groundwater coefﬁcient and Ki is daily

In this paper, taking Lianghui basin as a case study, the

interﬂow coefﬁcient.

difﬁculties in the application of the Xinanjiang model to
small drainage basins are discussed and the sensitivities of
parameters are analyzed. The GLUE method (Beven &
Freer ) is applied to Lianghui basin to investigate the
uncertainty of model parameter identiﬁcation. The result is
favourable for a good understanding of the parameters of
the Xinanjiang model, in order to provide valuable scientiﬁc
information for simulating hydrological processes in small
drainage basins.

XINANJIANG MODEL DESCRIPTION AND
CALIBRATION PROCEDURE
The Xinanjiang hydrological model is a conceptual watershed model. The basin is divided into a set of sub-basins;
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Figure 1

|

Structure of the Xinanjiang model (Zhao 1984).
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4. Runoff concentration, which transfers the local runoff to
the outlet of each sub-basin forming the outﬂow of the
sub-basin. The parameters involved in this group are Cg,
Cs, Ci and L. Cg is the daily groundwater recession coefﬁcient, Cs is the recession constant in the ‘lag and route’
method for routing through the channel system within
each sub-basin; Ci is the daily interﬂow recession coefﬁcient and L is the corresponding ‘lag’.
Parameters of the Xinanjiang model were previously
classiﬁed into three groups by their computing method
and parameter sensitivity. The values of sensitivity parameters such as Cs can greatly affect the values of R 2.
R 2 is the coefﬁcient of determination; the better the ﬁt
between the observed and modelled data, the higher R 2

|

Figure 2

Distribution of hydrological stations around LiangHui reservoir.

will be and the more likely the respective parameter set
will occur. The R 2 value is commonly used to evaluate

The

calibration

procedure

involves

two

steps.

model accuracy. The values of non-sensitivity parameters

During the water balance parameter calibration, some par-

such as Um and Ex have little effect on the values of R 2; how-

ameters are calibrated with the objective of best ﬁt to the

ever, values of regional sensitivity parameters such as B, Wm

total runoff. The simulation time spans one year to many

and Sm differently affect the values of R 2 in different regions

years, and daily data are needed. During runoff routing par-

(Zhao et al. ; Zhao ).

ameter calibration, some of the parameters are ﬁxed and

Previous applications of the Xinanjiang model have

others will be calibrated with the objective of best ﬁt to

indicated ranges that are helpful for setting initial values

the ﬂood hydrograph. For the second step, only one ﬂood

for some of the model parameters. Table 1 lists the empirical

event or several ﬂood events are simulated and the time-

ranges of the Xinanjiang model parameters.
Table 2

|

The calibrated parameter values and ranges used in the water balance parameter calibration

Table 1

|

Empirical ranges of Xinanjiang model parameters
Parameter

Value

Range

0.916

0–2

Parameter

Range

K

K

0.5–1.1

Im

0.015

0–0.1

Im

0–0.1

Wm (mm)

120

50–300

Wm (mm)

80–170

Um (mm)

20

0–50

Um (mm)

5–20

Lm (mm)

70

0–150

Lm (mm)

60–90

Cs

0.7

0–1

Cs

–

Ex

1.3

0.6–2.6

Ex

0.5–2.0

C

0.15

0–0.5

C

0.08–0.18

B

0.1

0–1

B

0.1–0.4

Kg

0.2

0–0.5

Kg þ Ki

0.7–0.8

Ki

0.5

0–0.6

Cg

0.99–0.998

Cg

0.8

0.5–1

Ci

0.5–0.9

Ci

0.5

0–1

Sm (mm)

10–50

Sm (mm)

30

0–200
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continued

step is chosen from several minutes to a few hours, accord-

is 11 km. The Lianghui stream belongs to Yaojiang water

ing to basin concentration time.

system in Yongjiang watershed, located in the subtropical
monsoon climate zone with an average annual rainfall of
1,619 mm and average annual runoff of 3,175 × 104 m3. No

STUDY SITE

evaporation or precipitation data are available within the
drainage basin. The distribution of nearby hydrological

The Xinanjiang rainfall–runoff model was applied in the

stations around Lianghui is shown in Figure 2.

Lianghui basin during 2002–2006. Lianghui drainage basin

In this study area, the areal precipitation is calculated by

is located in Zhejiang province, south-eastern China. The

averaging measurements at three neighbouring gauge

drainage basin is about 35 km2 and its main stream length

stations: Guan Pei, Huang Ming and Huang Tuling. There
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are no pan evaporation observation data for the period 2002–

usually more severe for some small drainage basins because

2006, but the daily pan evaporation observation data from

there might be no precipitation and evaporation obser-

1980 to 1989 are available for the neighbouring Siminghu

vations in the small drainage basins. It is evident that the

reservoir. The mean daily pan evaporation data for 1980–

precipitation and evaporation data scarcity is one of the

1989 are therefore used as daily evaporation input, Em.

main sources of uncertainty of the Xinanjiang model application in Lianghui basin.

RESULTS AND DISCUSSION

Table 3

|

The ranges of Xinanjiang model parameters in the water balance parameter
calibration used for GLUE

The uncertainty in applying hydrologic models usually
comes from the following sources: model data, model structure and model parameters. The data scarcity problem is

Figure 4

|

Parameter

Kg

Wm (mm)

Cs

Ki

Ci

Sm (mm)

Range

0–2

50–300

0–1

0–0.5

0–1

0–200

Scatter plots of the likelihood of some sensitive Xinanjiang model parameters in water balance parameter calibration.
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In the Xinanjiang model, spatial distributions of soil moist-

parameters for the water balance parameter calibration. The

ure deﬁcit and storage capacity in the catchment are

equiﬁnality phenomenon is evident. Figure 4 shows that the

considered as non-uniform, thus the runoff-producing area is

water balance parameter calibration adjustment coefﬁcient is

also simulated in terms of a non-uniform distribution. The ten-

most sensitive to potential evapotranspiration K, especially

sion water capacity in the sub-basin is represented statistically

within the range 0–1. It is reasonable because yearly evaporation

by an exponential curve in the Xinanjiang model. This factor

for this area is high and it signiﬁcantly affects the water balance.

has been considered to be the reason why the Xinanjiang

The recession constant Cs in the ‘lag and route’ method

model performed better than some other models (Gan et al.

for routing through the channel system within each sub-

). However, the Xinanjiang model was originally built

basin is the second-most sensitive parameter to the water

for large catchments in humid and semi-humid areas with

balance parameter calibration, especially in the range 0.6–1.

rich vegetation, a well developed soil zone, low surface

Mean area free water storage capacity of the surface soil

runoff and high interﬂow; the curve may therefore be appro-

layer Sm is also important, especially within the range

priate for large basins but has not been veriﬁed appropriate

0–50 mm. Compared with the above three parameters, the

for small basins. Another weak point of the model is that the

daily interﬂow coefﬁcient Ki, the daily interﬂow recession

sub-areas are divided according to the location of rain

coefﬁcient Ci and the mean area tension water capacity

gauges; this situation means that only rainfall spatial variabil-

Wm have only a small effect on the value of R 2.

ity can be considered and the spatial variability of
topography and vegetation on the land surface cannot.

The second step is runoff routing parameter calibration.
In order to determine which parameters have the greatest

During the water balance parameter calibration, all

affect on the calibration, ﬁve ﬂood events were selected from

parameters except L were calibrated ﬁrstly by using ﬁve

2002 to 2006 for calibration. Table 4 lists the identiﬁed par-

years of data from 2002 to 2006. Because of the small size,

ameter values based on the trial-and-error calibration, which

the lag time L is set to 0. The parameter set in Table 2

were then used as initial parameter values to analyze the sensi-

shows the calibrated values obtained using a trial-and-error

tivity. The R 2 values vary from 0.6 to 0.9. The range of each

method with an R 2 value around 0.60, and the ranges of

parameter for single parameter sensitivity is given in Table 4.

the parameters. Only one parameter value is changed at a

As shown in Figure 5, R 2 is more sensitive to parameters Cs,

time within the range shown (while the other parameter
values were ﬁxed) in order to test the sensitivity of

Table 4

each parameter. The coefﬁcient of determination R 2 was
used as the objective function to show the sensitivity
of the model parameters, as it is a measure of how well
the simulated hydrograph ﬁts the measured hydrograph.
As shown in Figure 3, the value of R 2 is more sensitive to
parameters K, Cs, Sm, Ki, Wm and Ci. Other parameters such
as Um and Lm have little or no effect on the value of R 2. In
this case study, the six parameters K, Cs, Sm, Ki, Wm and Ci
were changed simultaneously while the others were ﬁxed.
According to the GLUE method, the six parameter values
were randomly created using a Monte Carlo sampling
method within their respective ranges and, with the other
nine parameter values, form a parameter set.
A total of 60,000 parameter sets were generated and the
runoff was simulated. The range of the six parameters was
adopted from Jin et al. () and is listed in Table 3. Figure 4
presents scatter plots of the likelihood of some sensitive
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The calibrated parameter values and parameter ranges used in the runoff routing parameter calibration

Parameter

Value

Range

K

0.995

0–2

Im

0.015

0–0.1

Wm (mm)

120

100–300

Um (mm)

20

0–50

Lm (mm)

70

0–150

Cs

0.7

0–1

Ex

1.3

0.5–2.5

C

0.15

0–0.5

B

0.1

0–1

Kg

0.2

0–0.5

Ki

0.5

0–0.6

Cg

0.8

0.5–1

Ci

0.5

0–1

Sm (mm)

30

0–200
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Sensitivity of Xinanjiang model parameters in runoff routing parameter calibration (continued).
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continued

Sm, Ki, Kg, Ci and Wm but not to parameters such as K and Ex.
The ﬂood events were also simulated with 60,000 parameter

Table 5

|

Ranges of parameters used in the runoff routing parameter calibration for GLUE

sets which were randomly created with these six parameters

Parameter

Kg

Wm (mm)

Cs

Ki

Ci

Sm (mm)

varied within the respective ranges while the others were

Range

0–0.5

120–300

0–1

0–0.5

0–1

0–200

ﬁxed. Table 5 shows the ranges of the six parameters used for
GLUE.
Figure 6 presents scatter plots of the likelihood of some
sensitive parameters in runoff routing parameter calibration,
showing clearly the relationship between the values of parameter and likelihood. The phenomenon of equiﬁnality is
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obvious according to the results. As shown in Figure 6, the
uncertainty of parameters Kg, Ci and Ki is more signiﬁcant
than that of parameters Cs, Sm and Wm.
To

illustrate

the

equiﬁnality

phenomenon,

three

examples of equiﬁnality parameter groups are presented in
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Scatter plots of the likelihood of some sensitive parameters in runoff routing parameter calibration.

Table 6. The parameters of the three groups vary signiﬁ-

Figure 7 shows the standardized equiﬁnality parameter

cantly, but the R 2 value of simulation with the three

groups in Lianghui basin in the runoff routing calibration.

groups is the same (0.89). To compare the different par-

With the standardization, the values of all parameters fall

ameters, they are standardized with Equation (1).

within the range 0–1. Each line in Figure 7 represents a
group of parameters; the points indicate the standardized

Xij

X0ij ¼ Pm

j¼1

Xij

ð1Þ

values of different parameters.
The results showed that the water balance parameter
calibration is most sensitive to parameters K, Cs and Sm,

where X0ij is the parameter value after standardization, Xij is

while the runoff routing parameter calibration is most sensi-

the parameter value before standardization, i is the par-

tive to parameters Cs, Sm and Wm. For the water balance

ameter number, j is the sampling number and m is the

parameter calibration, evaporation evidently affects water

total sampling number of one parameter.

balance by one year or several years. Meanwhile for the
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becomes a less sensitive parameter in the runoff routing par-

Examples of equiﬁnality parameter groups

ameter calibration. The parameters Cs and Sm are

Parameter

Group one

Group two

Group three

K

0.995

1.02

1.3

ation, respectively. Both calibrations are therefore sensitive

Im

0.015

0.02

0.05

to these two parameters.

Wm

120

130

125

Um

20

22

15

Lm

70

75

30

Cs

0.7

0.695

0.75

Ex

1.3

1.15

0.9

C

0.15

0.2

0.3

Kg

0.2

0.25

0.6

Ki

0.5

0.6

0.38

Cg

0.8

0.83

0.7

Ci

0.5

0.59

0.45

Sm

30

25

20

B

0.1

0.45

0.2

R2

0.89

0.89

0.89

parameters related to runoff concentration and runoff separ-

CONCLUSIONS
Data scarcity is a common problem hindering model identiﬁcation and application in many small drainage basins. For
the case of the Lianghui basin, there are no precipitation
and evaporation data available but only data from neighbouring stations. If parameter values are assigned properly,
the results are useful for administrative purposes. In future,
due to the advantages of the model and its good application
records in China, the Xinanjiang model will continue to play
an important role in the humid and semi-humid areas of
China. Geographic information systems (GIS) and remotely
sensed (RS) data must be introduced to solve the data scarcity problem, however.
The equiﬁnality phenomenon exists for both the water balance parameter calibration and the runoff routing parameter
calibration. Different parameter groups can achieve the same
results. The water balance parameter calibration was found
to be sensitive to parameters K, Cs, Sm, Ki, Wm and Ci, and
the runoff routing parameter calibration was found to be sensitive to parameters Cs, Sm, Ki, Kg, Ci and Wm. With GLUE
methodology, the water balance parameter calibration and

Figure 7

|

The standardization of equiﬁnality parameter groups in Lianghui basin.

runoff routing parameter calibration are also sensitive to different parameters. The water balance parameter calibration is

runoff routing parameter calibration, ﬂood events which

most sensitive to K, Cs and Sm, while the runoff routing par-

usually last from several minutes to several days are simu-

ameter calibration in Lianghui basin is most sensitive to Cs,

lated. The evaporation during such a short period may not

Sm and Wm. Using the GLUE method, both water balance par-

be very important for runoff generation. That situation

ameter calibration and runoff routing parameter calibration

might be the reason why K (in the calculation of evapor-

were sensitive to fewer parameters. These results will facilitate

ation) is important in the water balance parameter

parameter calibration of the Xinanjiang model.

calibration but not important in the runoff routing parameter calibration. The parameter Wm greatly affects the
runoff production, and the runoff routing parameter cali-
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