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Abstract. Model calibration is essential for hydrologic mod- stations with Nash-Sutcliffe coefficient ranging from 0.59—
eling of large watersheds in a heterogeneous mountain erB72. The multi-site calibration protocol applied in the anal-
vironment. Little guidance is available for model calibration ysis generally has advantages to the single site calibration
protocols for distributed models that aim at capturing the spajprotocol.

tial variability of hydrologic processes. This study used the
physically-based distributed hydrologic model, MIKE SHE,
to contrast a lumped calibration protocol that used stream-
flow measured at one single watershed outlet to a multi-site

calibration method which employed streamflow measure-the importance of spatial variability of land surface char-
ments at three stations within the large Chaohe River basiycteristics is widely recognized in understanding the phys-
in northern China. Simulation results showed that the Sin9|e1ca|/hydro|ogical, biological, and other related process in
site calibrated model was able to sufficiently simulate theyatersheds (Becker and Braun, 1999). It is important to
hydrographs for two of the three stations (Nash-Sutcliffe co-take into account the spatial variability when modeling wa-
efficient of 0.65-0.75, and correlation coefficient 0.81-0.87grshed hydrology and understanding watershed hydrologi-
during the testing period), but the model performed poorly ¢ processes (Beven, 2001;0Bthl et al., 1995; Merz and
for the third station (Nash-Sutcliffe coefficient only 0.44). Bardossy, 1998; Anquetin et al., 2010). This is particularly
Sensitivity analysis suggested that streamflow of upstreamyye for modeling large-scale watersheds that have more di-
area of the watershed was dominated by slow groundwayerse hydrological conditions than small watersheds (Siva-
ter, whilst streamflow of middle- and down- stream areas bypa|an, 2003). Also, mountainous watersheds usually exhibit
relatively quick interflow. Therefore, a multi-site calibration great heterogeneity in geology, topography, soil, vegetation,
protocol was deemed necessary. Due to the potential errorgnd climate (e.g. Weingartner et al., 2003; Gurtz et al., 1999;
and uncertainties with respect to the representation of spatiabmerdon et al., 2009), thus they pose significant challenges
variability, performance measures from the multi-site cali- j, hydrologic modeling.

bration protocol slightly decreased for two of the three sta- Numerous hydrological models have been developed in ei-
tions, whereas it was improved greatly for the third station.ther g distributed or a lumped framework to simulate water-
We concluded that multi-site calibration protocol reached agnpe(q hydrologic processes. Lumped hydrologic models are
compromise in term of model performance for the three staysyally precluded in the case of applications to un-gauged
tions, reasonably representing the hydrographs of all thregyatersheds as a result of the significant changes between
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watershed conditions (Knudsen et al., 1986; Sahoo et al.measurements were employed in that research, the model
2006). In contrast, distributed hydrological model provides asimulated the distributed results well. Feyen et al. (2000)
comprehensive approach for characterizing spatial variabilused multi-site measurements for MIKE SHE model evalua-
ity of watershed, enabling the spatial variability of watershedtion. However, the multi-site measurements were only used
well characterized (Refsgaard, 1997) by specifying data andor model validation rather than calibration.
parameters for a network of grid of points. During the past This study tested the MIKE SHE model in a large water-
two decades, various distributed hydrologic models, such ashed of northern China, Chaohe watershed using a multi-site
the SWAT model (Cao et al., 2006; Zhang et al., 2009; Whitecalibration protocol. The watershed has a mountainous to-
and Chaubey, 2005), HBV model, ModSpa model (Moussapography, being a headwater of the Miyun Reservoir that
et al., 2007), Wetspa model (Shafii and De Smedt, 2009) andupplies near half of the drinking water for Beijing (Jia and
the GWLF model (Li et al., 2010) have emerged. MIKE SHE, Cheng, 2002; Yang et al., 2007). About 60% inflows of
as the first generation of distributed hydrologic model, hasMiyun Reservoir was originated from the Chaohe Watershed
shown its great appeal for a wide range of hydrologic appli-(Sun et al., 2008). However, due to the increased popula-
cations (Graham and Bultts, 2005; Lu et al., 2006; Zhang etion and climate change, flow to the Miyun Reservoir has
al., 2008; Dai et al., 2010; Wijesekara et al., 2012), especiallydecreased greatly over the past decades (e.g. Li and Li, 2008;
for the watershed of large spatial heterogeneities. Sun et al., 2008; Ma et al., 2010), especially since 1999.

Nevertheless, when applying distributed hydrologic Successive dry years have slowed the average annual inflow
model, it is usually required to carry out a careful model to only 251 x 108 m3 (Li and Li, 2008). There is an urgent
calibration in order to obtain an internal consistency of re-need to understand the hydrologic processes of the watershed
sults. Previous studies suggested that hydrologic model caliand take an adaptive watershed management to cope with the
brated only against the discharge measurements at the wategmerging water resource issues in the watershed.
shed outlet can not perform well for the internal variables The objectives of this study are to (1) assess the applica-
simulation (such as the groundwater recharge, unsaturatehility of MIKE SHE model in the large-scale watershed of
water content, and water table level) (e.g. Ambroise et al.,northern Chian, (2) understand the spatial controls on water-
1995; Refsgaard, 1997). This calls for a rigorous calibrationshed hydrology of Chaohe watershed, and (3) examine the
and validation procedure for distributed hydrological modelsbenefits of multi-site calibration protocol for modeling anal-
(Freer et al., 2003; Moussa et al., 2007). ysis.

Researchers have long recognized the importance of a
multi-objective framework (multi-site, multi- variables, as
well as multi- criteria) for distributed hydrologic modeling
(e.g. Ambroise et al., 1995; Andersen et al., 2001; Khu et
al., 2008; Dai et al., 2010). Bergétn et al. (2002) sug-

gested that the model calibrated against more measured iRrpe chaohe watershed has an area of around 488 4
ternal variables rather than streamflow only can greatly in-g|oyation ranging from 159m to 2218 ma.s.l. (Fig. 1) with

crease confidence in the physical relevance of the modelg( o, ¢|assified as mountainous topography. Two large moun-
Vazquez et al. (2008) adopted a multi-criteria protocol which; ranges, Yanshan Mountain and Yinshan Mountain in-

included statistical, analytical and visual criteria to calibrate (o sect with the watershed. The substrate of the watershed
t_he model. They also suggested_that multi-criteria calibra-is made of granite, gneiss, and lime rock, which is mainly
tion protocol enhanced the physical consistency of modelyeain by brown soil with varied depth. The upstream area

pre.dic_tion. Khu et al. (2093) stressed the benefits of multi'of the watershed is adjacent to the Inner-Mongolia Plateau,
objective strategy to decision support framework. A SUM-ang thys characterized by deep soil, whereas the middle-

mary of the merits of multi-objective framework is found in g qown-stream area is characterized by thin soil. Due to
Madsen (2003). Generally, in addition to reduce the uncer-, geyere weathering process, the soil across the watershed
tainty and modeling bias (Kuczera and Mroczkowski, 1998; s renresented with a high degree of gravel content. Tem-
Dai et al., 2010), it was believed that a multi-objective strat- o ate continental monsoon climate dominates the study re-
egy better constrain the calibration process, and is able tQion The average long-term annual precipitation is around
unlock t_he equifinality of dlstrlbuted_ hydrological mod_els t0 494 mm, 80 % of precipitation falling from June to Septem-

a certain degree (e.g. Mroczow§k| et al., 1997; Selbert €her. The watershed has a high vegetation coverage (80 %).
al., 2000; Andersen et al.,, 2001; Bergetm et al., 2002, | anq yse is dominated by grassland, shrubland and mixed

Khu et al., 2008; Dai et al., 2010). Khu et al. (2008) applied yeciguous broadleaf and evergreen conifer forests. In addi-
multi-objective calibration approach to calibrate MIKE SHE yjo cropland, residential area, and bare area account for a
model and tested on the Danish Karup catchment. And congp g percent of the watershed.

sequently, parameter values were well defined in that analy-
sis. Andersen et al. (2001) employed MIKE SHE to simulate
watershed hydrology as well. Although the nested multi-site

2 Methods

2.1 Watershed characteristics
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116°30'0"E M7°00"E 2.2 Model construction and parameterization

MIKE SHE is a fully distributed physically-based hydrologi-
cal model. It covers the major processes of the hydrologic cy-
cle and includes process models for evapotranspiration, over-
land flow, unsaturated flow, groundwater flow, and channel
flow and their interactions. Detailed model description can

AESeUH refer to the literature (e.g. Refsgaard and Storm, 1995; Gra-
ham and Butts, 2005). We have applied MIKE SHE in arid
regions in northern China (Zhang et al., 2008).

MIKE SHE uses a network of regular grids to discretize
the horizontal plane of watershed. Choice of grid size de-
pends on several factors, such as the degree of heterogene-

L41°0°0"N ity of the hydrological parameters and the boundary condi-
tions, and the extent of the flow domain defined by com-
putational limitations (Feyen et al., 2000). Considering the
large scale modeling domain of Chaohe watershed, grid size
of 2kmx 2km was used in the analysis, which was com-
parable to the grid size of the researches of Andersen et

N

41°30°0"N

41°0°0"N

Hydrological_station Dem

® Rain_gauge Value . )
4003007 — Stream_netwaork High : 2218 al. (2001) and Khu et al. (2008). Our preliminary analysis
[ Boundary . — suggested that the application of the grid size of 2k&hkm
o rore was able to greatly reduce computation time but maintaining
0 19,500 39,000 78.000 reasonable representation of the long-term streamflow vari-
. . : ation. According to field investigation and experience, we
16°30'0"E N7°0'0"E M7°30'0"E

have specified seasonal dynamic variation of each land use
Fig. 1. Topography and the distribution of hydroclimatic stations of With respect to both LAl and rooting depth, however, veg-
Chaohe watershed. etation growth was ignored in the model. Overland flow is
calculated by solving the diffusive wave approximations of
the Saint-Venant equations. Parameters of Manning’s num-
We have acquired daily rainfall records from seven rain per (M) and detention storag®( were all subject to model
gauges (Fig. 1) and daily streamflow records from three hy-cajibration, and both were specified with uniform spatial dis-
drological stations of the watershed, i.e. the outlet stationyipytions. Unsaturated flow was simulated with simplified
(Xiahui) and the other two internal hydrologic stations (i.e. gravity-flow procedure, which demonstrated the capability of
Daiying and Dage) (Fig. 1). Meteorological data is not reg- reducing the computation time, while preserving the model-
iStered in the Watershed, therefore, da.ta recordS Of nationqhg accuracy toa Certain degree_ Given that most area Of the
meteorological base stations around the watershed were ifyatershed was of mountainous topography with shallow soil
troduced. Potential evapotranspiration was estimated by thgrofile, groundwater table for lower boundary of the unsatu-
Penman-Monteith equation (Allen et al., 1998), and arith-ated zone (BndUz) was specified with a uniform depth of
metic average statistic of the estimations was used for modq 5 m. Parameters of saturated hydraulic conductivity in un-
eling analysis. DEM of the watershed (resolution of 30 M) saturated zoneK) in three dominant profiles were subject
was acquired from International Scientific & Technical Data to model Calibration, whilst parameters of the other prof”es
Mirror Site, Computer Network Information Center, Chinese \yere unchanged in calibration process. In order to keep the
Academy of Scienceshtp://datamirror.csdb.gnand land  number of free calibrated parameters as small as possible, a
use of 1999 was interpreted according to remote sensing TMjependent relationship was further specified betweekthe
images, which were used to represent surface condition obf the three dominant soil profiles (i.e. Calcaric Cambisols,
the watershed for the Study pel‘iod. In addition, soil dataseHap|iC Luviso'S, and Calcic Luviso's)_ AS a result, Only pa-
of the watershed was derived from HWSD (The Harmonizedrameters of one profile (Calcaric Cambisols) have freedom
World Soil Database). According to FAO-90 classification jn calibration process, whereas parameters of the other two
system, ten soil units were found in the watershed, Calcarigj e, Haplic Luvisols and Calcic Luvisols) were assigned with
Cambisols (CCSoil), Haplic Luvisols (HLSoil) and Calcic 3 dependent relationship. Due to the lack of data on geo-
Luvisols (CL.Soil) accounting for much of the watershed.  hydrological information of the watershed, saturated flow of
the watershed was simulated by using simple linear reservoir
method which accounts for the interflow, the baseflow and
the percolation from interflow reservoir. Parameters of spe-
cific yield (Sp) and time constant7() in both interflow and
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baseflow reservoirs were all subject to model calibration. Ex-processes between different areas of watershed. The influ-
cept to the initial values oKs which was specified accord- ence of each parameter on hydrological process was assessed
ing to the estimation of Pedotransfer function by using soilaccording to the variation of model performance.

physical properties, the other parameters were initialized ac-

cording to literature or experience. 2.4 Model performance criteria
2.3 Model calibration, validation, and sensitivity Both correlation coefficient) and Nash-Sutcliffe coeffi-
analysis ’ ’ cient (EF) (Nash and Sutcliffe, 1970) were employed for

evaluating the goodness of model performance (Egs. 1 and

Parameter adjustments during the calibration process weré)- Correlation coefficient indicates the strength of a lin-
carried out manually by trial and error method. Two kinds €& relationship between observed and calculated discharge,
of calibration protocol were considered (i.e. the single-siteWhilSt Nash-Sutcliffe Coefficient measures the ability of the
calibration and multi-site calibration). In the first protocol, Model to simulate variation of the hydrographs for a partic-
the model was calibrated against the discharge measuremeH{@" river gauge station. Optimal values #®rand EF are all

of watershed outlet (i.e. Xiahui station). Streamflow data for - According to the previous studies (e.g. Henriksen et al.,
1991-1995 and 19961999 were used for model calibratiorf003; Moussa et al., 2007), four performance levels were de-
and validation, respectively. Both time periods experiencedin€d for EF andR (see Table 2). As EF gives more weight for
wet, dry and normal climate, representing a wide range ofP€ak flows, to give an equal weight for all the maximum and
hydrologic conditions. In order to test the capability of the MiNimum, a mean residual (simulation minus measurement)
model in simulating internal hydrologic variables (e.g. Ref- (ME) was calculated after allogarlthmlctransformann of thg
sgaard, 1997; Feyen et al., 2000), a multi-site validation tesflischarges were taken, which corresponds to the model bias
was introduced as well, in which the previously calibrated ©f the results (EIl-Nasr et al., 2004).

model was tested against the discharge measurements of

Daiying and Dage stations for 1991 to 1999 for model vali- Y (Qsi — Q0)?
dation. Table 1 has presented the calibrated parametersetlgy— |-~ (1)
single-site calibration protocol. > (Qoi — Qo)

In the second protocol, the model was calibrated against !
multi-site discharge measurements simultaneously (i.e. Xi- 3 (Qsi — 00.1)?
ahui, Daiying, and Dage). Though few of authors argued___, = ’ @)
that multi-site model calibration should employ independent— S (Qo.i — 00)2

multi-site measurements (Migliaccio and Chaubey, 2007),
the fact is that independent multi-site measurements are
rarely available for model testing, which causes that, in mostME =109(Qs.:) —109(Qo.:). @)
of case, it remains a common practice of using nested multi- . .
site measurements (e.g. Andersen et al., 2001; Moussa et a|.r] which, Os; and Qo,; represents the simulated and ob-

v di (3 o1 ol
2007). After the model was calibrated using the first protocol,fSerVEd daily discharge for day(m"s™"), respectively,Qo

the model was further calibrated against the other two site® the mean of the observed discharge in test perides().

discharge measurements simultaneously (i.e. Daiying and

Dage). The same parameter set as that of single-site proto-

col was subject to model calibration. The aim of the process; Results and discussions

was looking for suitable parameter values which were able to

derive satisfied modeling results for all hydrological stations.3.1  Single-site model calibration and validation

As such, the model was run for 1991 to 1995 for model cal-

ibration and 1996 to 1999 for model validation, respectively. Generally, the model underestimated the mean runoff of Xi-

Both single-site model calibration and multi-site model cal- ahui station with ME 0f-0.21 and—0.41 n¥ s~1, for the cal-

ibration was initialized by running the model for 1990 for ibration and validation periods, respectively (Table 3). The

warming up exercise. simulated streamflow showed a somewhat flashier response
In order to examine the differences of hydrological pro- than the observed hydrograph (see Fig. 2a), especially during

cesses between the different areas of the watershed, senslte year of 1999. However, it generally represented the dy-

tivity analysis was carried out by manually altering param- namic variation of the streamflow with acceptable EF (0.72

eter values in the parameter range which was specified byand 0.75) and® (0.85 and 0.87) for the calibration and val-

referring to the literatures and our previous modeling expe-dation period, respectively. According to the performance

rience. We reckoned that, sensitivity analysis not only en-criteria (Table 2), both EF an& indicated that the model

hances model calibration greatly (Beven, 2001; Xevi et al.,generally performed well in simulating hydrograph of Xiahui

1997), but also capable of revealing different hydrological station.

Hydrol. Earth Syst. Sci., 16, 46214632 2012 www.hydrol-earth-syst-sci.net/16/4621/2012/
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Table 1. The calibrated model parameter by single-site calibration protocol.

Module Parameter Unit Initial value  Final value
Overland flow (OL) Manning numbe{) M¥3s-1 20 25.5
Detention storagel§) mm 2 6
Unsaturated zone (UZ) Ksfor CC_Soil (Ks.1) ms1 068x10°7 2x1077
Ks for HL_Soil (Ks-2) ms1 092-Ks1 092-Ksil
K for CL_Soil (Ks-3) ms1 1543-Ks.1 1543.-Kg1
Saturated flow (S2) Specific yield for interflow - 0.1 0.09
(‘?pimerﬂow) .
Time constant for interflow Day 5 5.25
(Tinterflow)
Time constant for percolation  Day 5 2.61
(Tpercolatior)
Specific yield for baseflow - 0.5 0.62
(‘?pbaseﬂom)
Time constant for baseflow Day 50 72.21
(Thaseflow
Table 2. Performance criteria for model evaluation. More detailed analysis on modeling errors is given in the sec-
— : tion of errors analysis.
Performance indicator  Excellent  Good fair Poor The modeling results by single-site calibration protocol for
EF >0.85 0.65-0.85 0.5-0.65 <0.5 Daiying and Dage stations were presented in Fig. 2b and c.
R >095  085-0.95 0.85-0.75<0.75 The model underestimated the mean runoff of the two sta-

tions as well. The model bias (ME) of Daiying wag.31
and —0.50 in the calibration and validation period, respec-
tively, and larger for the Dage station (ME beir@.46 and
—0.78) (see Table 3). The model did not accurately simu-

Table 3. Model performance of MIKE SHE in Chaohe watershed

Single site Multi-site

calibration protocol calibration protocol late flow of lower than 10 r"ﬁs* for the other two stations.
Station  Period R EF ME R EF ME However, the model performed reasonably as judged by the
Xiahui 19911995 085 072 021 085 0.69 —0.47 hydrograph for the Daiying station. The EF and R-values
1996-1999 0.87 0.75 —0.41 0.85 0.72 —0.67 for Daiying were similar to those for Xiahui station with
Daiying 1991-1995 0.81 0.65—0.31 0.82 0.61 -0.57 acceptable EF (0.65 and 0.73) aRd0.81 and 0.86) for the
1996-1999 0.86 0.73 —0.50 0.84 067 —0.76 ; ; ;
Dage 1091-1995 081 0.44—0.46 080 089 072 testlngl perlod (Ta}ble.S). Thg performance for Qage station
1996-1999 0.80 0.52 —0.78 0.77 053 —1.01 was fair in the validation period (EF =0.52), and it was poor

) — , — in the calibration period (EF =0.44). The of Dage station
* R means the correlation coefficient, EF denotes the Nash-Sutcliffe Coefficient, . . . . .
whilst ME represents the mean residual of the simulations. Details explanatien on ~ Was 0.81 and 0.80 for the calibration and validation period,
EF, and ME were given in the section of “Methods”. respectively.
The reasonable model performance of Daiying, as judged
by EF andR, was mainly due to the fact that Daiying sta-
The satisfactory model performance as indicated by EF fokjon was very close to Xiahui, and both watersheds almost
the Xiahui station was mostly due to the model's ability t0 grain the same area with very similar hydrological processes.
match peak flows and median flows. EF statistics give morerpys it was easier to obtain a reasonable modeling result even
weights for peak flow simulation (Henriksen et al., 2003). though the model was only calibrated against the discharges
Thus, the model runs for large stormflow events can obtaingf xjanhui station. The fair model behavior of Dage station
an acceptable EF and R-values much easier than runs for th@as partly due to the underestimated soil water storage ca-
dry periods with low flow. We found that the model gener- pacity in the up-stream area. Also, the soil depth of the wa-
ally underestimated the streamflow of around 1 to #8m,  tershed varied greatly across the watershed (Li and Li, 2008).
whilst over-predicted flow of lower than 1%s~* (Fig. 2).  The middle and downstream area was usually characterized
The systemic underestimation for the flows of 1 to Fam' by a severe weathering process and a mountainous topog-
suggested that there existed errors with ground water simpapny. Whilst the northern part of the watershed is adjacent
ulation. Refsgaard (1997) reported that underestimation ofg the Inner Mongolia Plateau, and commonly characterized

baseflow could be mainly explained by the biased representasy geep loess profiles with high soil water storage capacity.
tion of internal groundwater divide and boundary conditions.
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Fig. 2. Comparison of model simulation by single-site calibration procedure with measurement for the testing(p¢riidhui station;
(B) Daiying stationjC) Dage station.

This caused that much of water for the upstream area wagFig. 3). It was found that, by only changing parameter val-
able to be stored in the unsaturated zone, and recharginges ofKs from 2x 1076 to 4x 10°®ms1, the streamflow
the groundwater and discharging the river flow subsequentlysimulation for the upstream area of the watershed (i.e. Dage
On the other hand, due to the shortage of detailed informastation) was improved greatly with EF of 0.59 in the calibra-
tion, the model was specified with a thin soil depth with a tion period, whilst the EF for both Xiahui and Daiying sta-
uniform value of 1.5m across the watershed, even thoughions slightly decreased in the testing periods, ranged from
spatially varied soil hydraulic properties were taken into ac-0.61 to 0.72 (see Table 3). Streamflow simulation of 1 to
count. These resulted in the simulated water storage capacity0 n? s~ was not improved for the three stations, the reces-
of the upstream area to be much lower than the reality wassion limbs for the three stations worse than that of the single-
and consequently the simulated runoff larger than the obsite calibration protocol, and the mean runoff remained un-
servations, especially during the wet period. The scatteringlerestimated by the model, ME even lower than that of the
point of Dage station in the calibration period well exhibited single-site calibration (ranged from1.01 to—0.47, see Ta-

the over-prediction of discharge of this station (see Fig. 2c). ble 3). We assumed that both the worse model behavior with
respect to recession limb simulations and the underestimated
mean runoff was partly associated with the increaskgh

o ) ) ) unsaturated zone. The R-values for the three stations varied
The unsatisfied modeling results of Dage station by S'”gle'slightly ranging from 0.77 to 0.85 (Table 3).

site calibration protocol called for a multi-site calibration

3.2 Multi-site model calibration and validation

Hydrol. Earth Syst. Sci., 16, 46214632 2012 www.hydrol-earth-syst-sci.net/16/4621/2012/
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Fig. 3. Comparison of model simulation by multi-site calibration procedure with measurement for the testing @eri&éhui station;
(B) Daiying stationjC) Dage station.

The higher EF and better model performance (Fig. 3c) for3.3 Sensitivity analysis
the Dage station for the calibration period was mainly be-
cause that the pseudo lower soil water storage capacity foall parameters considered b§g, M and C3 exhibited cer-
the up-stream area was improved and that EF was genetain degree of influence on ME, but few parameters had in-
ally enhanced, especially in 1991, 1994 and 1995 with highfluence on EF.
rainfall of 559, 622, and 499 mm, respectively (Fig. 4). The The two parametersTinterfiow and Tpercolation controlled
poor model performance for Xiahui and Daiying stations wasthe discharge of relative quick interflow, and directly affected
partly because that a pseudo higher water storage capaciyeak flow simulations. WitHinerfiow decreased from 5 to
was specified for the downstream area wiigwas changed 0, i.e., reducing time for water flowing through the inter-
from 2x 107° to 4x 10-°ms~1. The changes in soil pa- flow reservoir, the model performance for the Dage station
rameters caused that more water was likely to be stored ifvas decreased greatly with the percentage change in EF as
the unsaturated zone, and both mean runoff and peak flowsigh as 25%. However, the EF was improved for Xiahui
simulation were reduced and decreased £Fand ME ac-  and Daiying stations (Fig. 5a) with the percentage change
cordingly. around 11 %. The increase in time for water seeping down
into baseflow reservoir (i.e. the increaseTigercolation iN-
duced a decrease in EF by 13 % for Dage station but an slight
increase by 5 % for Xiahui and Daiying stations (Fig. 5b). As
such, bothSp, . ..., @Nd Thaseflowinfluenced the discharge of
groundwater and indirectly affected peak flow simulations as
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Table 4a.Percentage change in performance measures due to the change in parameters of Chaohe watershed.

Xiahui Daiying Dage
Module  Parametér Unit ME(%) R (%) EF (%) ME (%) R (%) EF(%) ME (%) R (%) EF (%)
Sz Specific yield for interflow
(Sp\nterﬂow)
0.3 0 -1 -3 0 -1 -3 0 -3 —6
0.2 0 -1 -2 0 -1 -2 0 -1 -3
0.1 - 0 0 0 0 0 0 0 0 -1
0.09 - - - - - - - - -
0.01 0 0 1 0 0 1 0 1 2
Time constant for interflow
(Tinterflow)
15 -2 -2 -5 -2 -1 —4 -1 -3 -2
10 -1 -1 -3 -1 0 -3 -1 -2 -1
5.25 Day - - - - - - - - -
1 6 2 8 5 1 7 4 3 -9
0.1 13 3 11 11 1 9 10 4 24
Time constant for percolation
(Tpercolatior)
15 7 2 6 6 0 4 5 1 -12
10 5 2 5 4 0 4 4 1 -8
2.61 Day - - - - - - - - -
1 -2 -1 -4 -2 0 -3 -1 -1 0
0.1 -3 -2 -7 -3 -1 -5 -2 -3 -2
Specific yield for baseflow
(Spbaseflov)
0.1 23 -1 0 19 -1 0 16 -1 -11
0.2 19 0 0 16 -1 0 13 -1 -6
0.4 - 11 0 0 9 0 0 7 0 -2
0.62 - - - - - - - - -
0.8 -13 0 -1 -10 0 -1 -8 0 1
Time constant for baseflow
(Thaseflow
20 20 0 0 17 -1 0 14 -1 -7
40 13 0 0 11 0 0 9 0 -3
60 Day 5 0 0 4 0 0 4 0 -1
72.21 - - - - - - - - -
80 —4 0 0 -3 0 0 -3 0 0
oL Manning number /)
10 -2 1 0 -2 -1 -2 -1 0 -1
25.5 - - - - - - - - -
30 M1/3g-1 1 0 0 1 0 0 0 0 0
40 0 0 0 0 0 0 0 0 0
50 2 0 0 2 0 1 1 0 0
Detention storagel§)
2 -11 -1 1 -9 0 3 -7 1 -2
4 -5 0 1 —4 0 -3 0 0
6 mm - - - - - - - - -
8 5 0 -1 4 0 -2 3 -1 -1
10 8 0 -2 6 0 -3 4 -2 -1

* The figures in bold and italic are the parameter values applied in multi-site calibration protocol. The percentage changes in performance measures is estimated
according to §’—S) - 100/, in which §” means the simulation results of changed parameter values, iarte basic results of multi-site calibration protocol.

well. When reducing the volume of water released by aquiferslow groundwater release mechanism might play a more im-
(i.e. alteringSp, ..q.,, ffom 0.62 to 0.1), the EF of Dage sta- portant role in controlling hydrological process of up-stream
tion decreased by 11 %, whilst it was almost no change forarea, and the relative quick interflow might be more relevant
Xiahui and Daiying stations (Table 4). The decrease in timefor hydrological process of the down-stream area.

for water flowing through the baseflow reservoir (i.e. chang- Parameters of UZ (unsaturated zone) have significant in-
ing Thaseflowfrom 72.21 to 20) caused a decrease in EF byfluence on EF-values. Higherskalue represents quickly
7% at Dage, but no influence for Xiahui and Daiying sta- downward water movement and recharging base flow reser-
tions (Table 4). The distinct model behaviors among threevoir subsequently, whilst higher BodZ-value increased
stations actually indicated that the hydrological processeshe volume of water stored in unsaturated zone. Both of
were different between Dage and the other two stations. Athe changes irKs and BndUZ would affect the peak flow
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Table 4b. Continued.
Xiahui Daiying Dage

Module  Parametér Unit ME(%) R (%) EF (%) ME (%) R (%) EF(%) ME (%) R (%) EF (%)

uz Saturated water conductivity
(Ks-1)
0.000001 12 -5 —18 8 -10 —24 4 -7 -19
6x 1077 16 -3 -9 13 —4 -11 9 -5 —-12
4x1077 ms1 - - - - - - - - -
6x 1078 -180 -3 11 -149 -3 -5 -121 -4 -181
1x 1078 -100 -6  -27 -82 -6 -23 -65 -5 -281
Lower UZ boundary
(Bnd.UZ)
-0.5 407 1 -19 335 -5 -37 270 -6 —654
-1 9 1 3 8 0 2 6 0 —4
-1.5 m - - - - - - — - -
-2 31 -10 —-25 26 -5 -21 23 —-14 —28
-3 143 -14 -34 118 -7 —-29 101 —-29 —64

ET Cint
0.5 2 0 -1 2 0 -1 2 -1 -1
0.1 -5 0 0 -4 0 0 -3 0 -1
0.05 mm -5 0 0 —4 0 0 -3 0 -1
0.01 -2 0 0 -1 0 0 -1 0 0
0.005 - - - - - - - - -
C1
0.1 —-37 0 1 -30 0 1 —-25 -1 -7
0.3 - - - - - - - - -
0.5 - 6 0 0 5 0 0 4 0 1
0.8 7 0 0 6 0 0 5 0 1
1 8 0 0 6 0 0 5 0 1
c2
0.1 -1 0 0 -1 0 0 -1 0 0
0.2 - - - - - - - - -
0.5 - -2 0 0 -2 0 0 -1 0 -1
0.8 —24 0 0 —-20 0 0 -16 -1 -3
1 —160 -2 0 —132 —4 -1 -107 —4 —78
C3
5 -1 0 0 -1 0 0 -1 0 -1
10 0 0 0 0 0 0 0 0 0
20 mm day 1 - - - - - - - - -
30 0 0 0 0 0 0 0 0 0
40 0 0 0 0 0 0 0 0 0
Aroot
0.1 3 0 0 2 0 0 2 0 0
0.5 - - - - - - - - -
1 — —4 0 0 —4 0 0 -3 0 -1
2 —-18 0 0 -15 0 0 -12 -1 -3
3 —42 0 1 -35 0 1 —28 -2 -10

* The figures in bold and italic are the parameter values applied in multi-site calibration protocol. The percentage changes in performance measures is estimated

according to §’—S) - 100/S, in which $” means the simulation results of changed parameter values, iarttle basic results of multi-site calibration protocol.

simulations indirectly. AsKs decreased from % 10~/ to of the watershed. This observation was in line with the pre-
1x108ms! the EF of Dage station sharply decreasedvious assumption that a high water storage capacity existed
by 281 % (Table 4), whilst it was only decreased by aroundin the upstream area of the watershed. It was noted that a lin-
27 % for Xiahui and Daiying stations. Again, the change in ear relationship between UZ parameter and the EF response
lower boundary of UZ (BndJZ) from 1.5 to 0.5 caused the did not exist in the analysis. This may be explained by the
EF of Dage to decrease by 654 %, whilst it was only by impacts of parameter interaction.

around 19 % for Xiahui and Dalying stations. The different Parameters of ET had no influence on EF-values of down-
model behaviors between Dage and the other two stationstream area of the watershed. However, this was not true
suggested that it was inappropriate to apply a uniform valuefor the up-stream area since a moderate effect was observed
with respect to the lower boundary of UZ zone. It was criti- for Dage station when altering either C2 or Aroot-values
cally important to use a higher soil water storage capacity for(Table 4). Both C2 and Aroot affected the ratio of soail
accurately simulating hydrological process of up-stream are&vaporation to total evapotranspiration (ET). Elevated values
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3.4 Potential source of simulation errors lation. The change was estimated accordingsSto(S)/S, in which

S’ denotes the simulation with the changed parameter values, and

Beven (2001) suggested that model uncertainties mainly>-Méans the simulation with the calibrated values.
were resulted from the errors on the model itself, errors
on initial and boundary conditions, and errors on calibra-
tion data. In our modeling analysis, even though the model The errors on model itself mainly referred to the incorrect
of multi-site calibration protocol was calibrated against the representation of the spatial distribution of hydro-geologic
streamflow measured at three stations, model performancgzoperties and hydrologic processes. As suggested in the
from multi-site calibration protocol did not show any im- previous discussion, the effects of the influential parameters
provement except to the EF of Dage station in the calibrationon model performance varied across the watershed. It was
period. Two kinds of errors were assumed to be responsibl@ecessary to apply spatially distributed parameter set in the
for the unimproved model behavior. This included the errorsmodel in order to improve the model performance of each
on the boundary conditions and the errors on model itself. station. Although spatially varie&’s have been taken into
The errors of boundary conditions mainly referred to the account in the model, much of the uncertainty remained with
incorrect representation of groundwater divide. Owning tothe specified dependent relationshipkafbetween the dom-
the lack of information on saturated zone, saturated flow ininant soil profiles of the watershed. In addition, parameters
our modeling analysis was only simulated by the simplified such asSp, ..., Tbaseflow Tinterflow, Tpercolation @nd BndUZ
linear reservoir method. However, this method did not con-that demonstrated a certain degree of influences on model
sider the flux change across the outer boundary of the modeperformance, were all specified with uniform values across
Thus, the watershed was probably represented with a smallehe watershed due to the absence of the detailed informa-
drainage area than the reality, and the estimated groundwateion. This was inconsistent with the reality that the water-
recharge was less than the measurements. This may explagihed was characterized by varied soil depth, resulted in the
mostly the underestimation of streamflow rate in the rangerepresentation of spatially varied geo-hydrological properties
of 1to 10n¥s~1, irrespective of which calibration protocol with much of errors, and consequently impeded improving
was applied. Streamflow of lower than £81! was gener-  the model behavior.
ally over-predicted by the model. We assumed that it was at- Due to the above errors and uncertainties, our modeling
tributed to the artifact of MIKE SHE that does not allow for results from multi-site calibration protocol was not improved
a river/stream to dry out (Lu et al., 2006; Dai et al., 2010). when compared with that of single-site protocol, and the
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