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Abstract

To what extent hydrograph simulation was influenced by the representativeness of rain-
fall input were examined in meso-scale subtropical mountainous watersheds, accord-
ingly, cost-effective raingauge deployment was suggested. Two nested watersheds
in northern Taiwan and two extreme typhoons with torrential rains were undertaken as5

case studies. The input of radar rainfall estimates with high spatial resolution of 1.3 km2

served as a reference, which was applied onto hydrograph simulation in TOPMODEL.
After calibration, optimal parameters were obtained and fixed to examine effect of de-
viated rainfall on hydrograph. To mimic possible raingauge networks we designed
four raingauge number classes: very low (3 points/total pixels), low (10 points/total),10

medium (20 points/total), and high (50 points/total) based on radar rainfall for the two
watersheds in different size, thus, creating wide spectrum of raingauge density. All the
corresponding hydrographs were compared with the reference hydrograph to probe
errors in event discharge induced by calculated rainfall input.

Results showed that with the decreasing of raingauge density the biases (indicated15

by RMSE) of rainfall field estimates increase and the potential variability in rainfall field
due to random sampling in raingauge location is exaggerated. By contrast, biases in
model hydrographs are significantly smaller than that in rainfall field. When the rain-
gauge governing area is <10 km2/gauge, the biased rainfall field shows no detectable
effect on hydrographs. Incomparably lower RMSE in hydrograph indicates that surplus20

and deficit rainfalls at different locations were compensated in model simulation. In
term of reliable hydrograph simulation, obviously, the criterion for raingauge density
is not as high as that for rainfall estimate. When gauge governing is <20 km2/gauge,
both the rainfall and discharge were successfully (±10% error) estimated in term of
total volume. Accordingly, we suggested that covering area ∼20 km2/gauge is accept-25

able for raingauge deployment to constrain the inherent variability in rainfall field and
hydrograph simulation in mountainous watersheds.
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1 Introduction

Accurate runoff simulation for flood forecasting, mitigation and water resource manage-
ment relies on accurate rainfall monitoring over spatiotemporal variability (Singh, 1997;
Bell and Moore, 2000), which is the major forcing for runoff variability within a catch-
ment. However, interactions between meteorological conditions and geomorphologic5

factors (Creutin et al., 1997) complicate the rainfall variability. Traditionally, hydrologists
use a rainfall field interpolated from limited point rainfall measurements or even scarce
points by assuming a homogeneous rainfall field to simulate discharges. Many of those
studies showed that simulations can reach 0.7∼0.9 of efficiency coefficient (hereafter
EC, which is proposed by Nash and Sutcliffe, 1970). Unsatisfactory performances or10

unexpected contradictions in simulated hydrographs are generally attributed to the in-
sufficiency of rainfall input.

Since the 1990s, radar techniques have been used to estimate spatiotemporal rain-
fall patterns and rainfall forecast (Krajewski and Smith, 2002). Despite of technique
problems, such as ground clutter, anomalous propagation and hail, etc. (Terblanche15

et al., 2001), major benefits of radar observations include estimations in large areas,
though indirect, and high spatiotemporal resolution. In addition, radar rainfall forecast-
ing has shown to be more reliable and satisfactory than that by even dense raingauge
networks (Wu et al., 2007; Chen et al., 2006). Interestingly, when radar rainfall was ap-
plied onto many hydrograph simulations (Syed et al., 2003; Celleri et al., 2007), similar20

performances were obtained as those by limited raingauge data. This similar perfor-
mance draws our attention to the inter-play of rainfall variability, estimated rainfall field
and raingauge density on hydrograph simulation.

How many raingauges can represent the rainfall field and generate reliable hydro-
graph is especially important for model in meso-scale mountainous catchments in Tai-25

wan. Taiwan locates on the typhoon alley that generally 3–5 typhoons (tropical cyclone)
invade every year bringing torrential rainfall within 1–2 days. To benefit near-real-time
flood warning system and optimal reservoir operation, the Central Weather Bureau
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(CWB) in Taiwan installed four radars covering almost entire Taiwan to provide high
spatial (1.3 km2) and temporal (10 min) resolution rainfall estimate for management ap-
plication. Weather radar is calibrated by using gauged rainfall. Such combination offers
us great opportunity to probe the raingauge density effect on hydrograph simulation in
rugged mountainous region.5

This study aimed to determine the minimum raingauge density, thus cost-effectively,
that required representing the rainfall input for hydrograph simulation in meso-scale
subtropical watersheds. Two sub-watersheds with drainage areas of 622 km2 and
116 km2 in northern Taiwan are applied. Hourly radar rainfall estimates during two
typhoon events are used as “true” rainfall fields. We randomly selected data points out10

of the true rainfall to mimic raingauge networks with different density. Through such
stochastic experiment we examined errors derived from biased rainfall field by com-
paring the simulated hydrographs with the reference hydrograph derived from “true”
rainfall. The effects of biased rainfall on model hydrographs are presented and dis-
cussed.15

2 Material and methods

2.1 Study site

The locations of the four radars and the coverage of radar rainfall estimates are shown
in Fig. 1a. A nested watershed at upstream Shih-Men Reservoir was chosen as the
study site (Fig. 1b). This reservoir is a major water conservancy facility for agricultural20

irrigation, hydropower generation, public water supply, and flood prevention for northern
Taiwan region. The nested watershed includes the subwatersheds of the Xia-Yun and
Xiu-Luan. The Xia-Yun with a drainage area of 622 km2 originates from Pin-Tian Mt.
(3529 m a.s.l.), and the Xiu-Luan with a drainage area of 116 km2 has its source in
Da-Ba-Jian Mt. (3459 m a.s.l.). The North Region Water Resources Office of Water25

Resources Agency (WRA) maintains 10 raingauges and two discharge stations in the
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study area.
Lithologic formations are mainly composed of sandstone, shale, and slate (Taiwan

Central Geological Survey, 2000) and the soil type is mainly Lithosols (Entisols). Nearly
87% of this study area is covered by forest. The mean annual temperature is 21◦C, with
a mean monthly temperature of 27.5◦C in July and 14.2◦C in January. The annual pre-5

cipitation averages 2370 mm. Typhoons in summer and the northeast monsoon in win-
ter are two dominant contributors of precipitation in this area. About 75% of the annual
precipitation occurs in the typhoon season from May to September. Consequently, the
discharges in these two subwatersheds are significantly different during the wet and
dry seasons. The mean daily discharge is 36.9 cm in the Xia-Yun and 6.1 cm in the10

Xiu-Luan. The mean daily discharges are 53.9 and 8.9 cm in the wet season and 19.5
and 3.3 cm in the dry season, for the Xia-Yun and Xiu-Luan, respectively.

2.2 Typhoon events

Matsa and Korsa are two recent typhoons that caused dramatic surge of discharge in
the two watersheds. Typhoon Matsa (3–6 August 2005) crossed the northern tip of15

Taiwan in a SE-NW direction. During its peak intensity on 4 August, Typhoon Matsa
had a 250-km storm radius with a low pressure reading of 965 hPa and the maximum
wind speed up to 45 m s−1. The track of Korsa (4–7 October 2007) was similar to Matsa
but much closer to Taiwan. During its peak intensity, Typhoon Korsa had a low pressure
reading of 935 hPa and maximum wind speed to 58 m s−1. Nine people were killed by20

this typhoon and the estimated total loss in agriculture is 142.3 million USD.
Table 1 shows the basic attributes of rainfall and runoff in the Xia-Yun and Xiu-Luan

during the typhoons. The rainfall attributes derived from radar rainfall include total rain-
fall, duration, average rainfall intensity, and maximum rainfall intensity. We compared
the radar rainfall with the 10 raingauges within the watershed on hourly basis; the25

correlation coefficient is as high as 0.6–0.9 indicating the capability of radar in hourly
rainfall estimation. In term of total rainfall, we found Xia-Yun and Xiu-Luan received sig-
nificantly different total rainfall by ∼220 mm during the Matsa invasion period (Table 1)
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although the two watersheds are nested closely. Compared to Korsa, larger total rain-
fall RMSE values of Matsa (Table 1) also supports the rainfall heterogeneity in Matsa
is larger within watershed. Rainfall caused by typhoon can be quite variable in space.

2.3 Hydrologic model description

This study used a modified TOPMODEL (Beven and Kirkby, 1979; Huang et al., 2007).5

Following many hydrologic models, TOPMODEL assumes that rainfall can keep on the
surface only when it exceeds the root zone capacity. Therefore, two parameters called
maximum root zone storage (Sr max) and root zone storage (Sr ) are used to charac-
terize the rainfall retention and interception. The surface raindrop, either infiltrating to
the subsurface or forming the surface runoff, depends on the reduced moisture deficit10

per unit volume of soil from saturation (Di ). Note that Walter et al. (2002) suggested
replacing soil moisture deficit by using reduced moisture deficit owing to better inter-
pretation and improved modeling performance in arid or semiarid environment and in
cases of rain storms with high rainfall intensity. The surface runoff can be estimated by
the empirical formula (Liu et al., 2003):15

Qsur,i = RCi · (1 − Di )
α (1)

where Qsur,i is the surface flow in the cell, and RC i is the runoff coefficient (0∼1.0)
and can be estimated by land use type. For example, the impervious surface having a
higher value (closer to 1.0) means that all surface raindrop will form the surface runoff.
The parameter α, representing the proportion of surface flow in different soil moisture20

conditions, can also be estimated by land use and soil type.
For surface flow, the unit response function composed by the network width function

and hydrodynamics is used to represent the surface flow. Here we use the approximate
solution derived from the diffusive transport approach proposed by Liu et al. (2003).
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The approximate solution is

U(t) =
1

σ
√

2π · t3/t3
0

exp

[
−

(t − t0)2

2σ2t/t0

]
(2)

where U(t) [1/T ] is the flow path unit response function, t0 [T ] is the average travel
time of the cell to outlet along flow path, and σ [T ] is the standard deviation of the flow
time. The t0 and σ are spatially distributed parameters both of which are retrieved5

from DEMs (40 m resolution). Accordingly, each flow path has different parameters
depending on the length of the flow path and the physical characteristics of the flow
path element. In our model, Mannings’ surface roughness, n, is embedded implicitly
in the above equation. The total surface flow hydrograph at the watershed outlet is
obtained by a convolution integral of the flow response from all grid cells. Because10

each cell has its own travel time and the standard deviation of travel time, this routing
method does consider rainfall spatial variability by allowing each cell to have different
temporal rainfall time series and changes of the discharge response to rainfall.

For the subsurface flow, this study used the TOPMODEL routing scheme. Given
the exponential transmissivity assumption, the local reduced moisture deficit can be15

estimated by:

Di = D +m
[
γ − ln(ai/T0 tanβi )

]
(3)

where D is the mean value of the reduced moisture deficit over the entire catchment
and γ is the mean value of the topographic index, ln(a/T0 tanβ), over the catchment
area. The parameter T0 in the topographic index is the lateral transmissivity as the soil20

is saturated [L2/T ], a is the specific contributing area defined as the drainage area per
unit contour length [L], and tanβ is local gradient [−]. Both a and tanβ can be derived
directly from DEMs through terrain analysis. Based on Eq. (3) and the exponential
transmissivity assumption, the subsurface runoff can be estimated by the recession
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curve function:

Qsub = A · e−γ · e−D
/
m (4)

Given rainfall time series, Eqs. (1) and (3) can simulate the surface and subsurface
flows for each time step. Accordingly, 7 parameters, namely Sr max, Sr , n, RC, α, m,
and T0, are needed to route the model.5

Since this study focuses on the influence of rainfall spatial variability, to reduce the
complexity of parameter estimation or calibration (Beven, 2001), we assumed all 7
parameter are homogeneous over the whole catchment although land use, soil and
topographic properties within the catchment can be planted in the model.

2.4 Experimental design10

A random sampling procedure was adopted. First, we designed four classes of rain-
gauge number: very low (3 points/total pixels), low (10 points/total), medium (20
points/total), and high (50 points/total). Points are randomly sampled and 50 sets were
created for each class to represent possible raingauge networks. Since the total area
of the two studied watersheds are different, this random sampling generates a high15

spectrum of raingauge density. Once the points were selected, the Thiessen’s polygon
was used to interpolate the spatial rainfall pattern.

As mentioned earlier, this study tries to determine the representativeness of each
sample set, thus, the deviations between the sample set and radar rainfall were cal-
culated by using amount ratio (total rainfall derived from sample set over total rainfall20

derived from radar rainfall) and RMSE (root mean square error). The RMSE was cal-
culated as:

RMSE =

T∑
t=0

√
n∑

i=1
(Re,i−Rr,i )2

n

T
(5)
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where Re,i is the rainfall estimate derived from the specific sample set, Rr,i is the radar
rainfall estimate at the same pixel, n is the total grid number, and T is the total time step.
The amount ratio indicates the accuracy in amount and RMSE shows the variability
between sample set and radar rainfall.

In this study, we used radar rainfall to calibrate the seven parameters and to obtain5

the “reference hydrograph” in model output. The reference hydrograph was taken as
standard for comparisons because the observed discharge might include some un-
known errors. All simulations derived from those sets of various gauge numbers were
compared to evaluate the effect of rainfall input on performance of hydrograph simula-
tion under conditions of fixed parameter set. Thus the effect of biased rainfall input on10

hydrograph simulation can be quantified. Similarly, the amount ratio and RMSE were
also used in comparisons of discharge amount and hydrograph.

2.5 Transform the point density to covering area

Our experimental design applies four classes of fixed number of sampling point in
total radar pixels. Since the radar data has larger coverage than watershed; thus,15

sometimes the sampled point appears outside of the watershed. Only when selected
points are effective in rainfall contribution according to Thiessen’s polygon interpolation,
we considered them as effective raingauges for gauge number calculation. Thus the
total number of sampled points in each set may not be a precise value as we define
originally.20

On the other hand, the two watersheds are in different size (i.e. different in total pixel);
accordingly, above sampling procedure generates a wide range of raingauge density.
In Xia-Yun, the means of raingauge number are 2.8 (2–3), 8.5 (6–10), 15.3 (11–19),
and 31.6 (27–38), which are corresponding to covering areas (watershed area over
raingauge number) of 207.3, 73.0, 40.7, and 19.7 km2/gauge, respectively, for the four25

sampling classes. In Xiu-Luan, the means of raingauge number are 2.9 (2–3), 8.6 (7–
10), 15.0 (12–18), and 30.9 (24–37) and the covering area are 39.5, 13.4, 7.8, and
3.8 km2/gauge, respectively. Such a transformation from point density to covering area
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benefits our discussion and conceptually useful in management.

3 Results and discussion

3.1 Reference hydrograph

Based on 10 000 trials in parameter combination (Huang et al., 2006) and EC for
performance criterion, the calibrated parameter set for Xia-Yun are: Sr max=25.4 mm,5

S0=14.0 mm, n=0.114, RC=0.32, α=1.9, m=15.3, and T0=11.6 m2/h and the param-
eter set for Xiu-Luan are: Sr max=10.2 mm, S0=9.9 mm, n=0.184, RC=0.59, α=1.9,
m=10.3, and T0=6.8 m2/h. Compared to the observed discharges in Xia-Yun, EC val-
ues are 0.86 and 0.88 during Matsa and Korsa, respectively (Fig. 2a, b). In Xiu-Luan,
they are 0.92 and 0.88, respectively, for Matsa and Korsa (Fig. 2c, d).10

In Xia-Yun, the total simulated runoff is 461 mm for Matsa and 458 mm for Korsa.
In Xiu-Luan, the total simulated discharge is 547 mm for Matsa and 360 mm for Korsa
(Note that we use runoff depth for comparison with rainfall). Compared to observations,
the total water discharges were simulated well except the case during Masta at Xia-Yun
with 20% lower in total discharge. The reason for the underestimations might come15

from model structure error, imperfect descriptions of input data for landuse and soils.
Regardless the possible errors and their causes, the simulated hydrographs were taken
as reference with respect to our purpose. Overall speaking, our reference hydrographs
fitted well with observations.

3.2 Biased rainfall input, hydrograph output and raingauge density20

The estimated total amounts of rainfall and discharge of individual density class were
presented (Tables 2, 3) to illustrate the effect of biased rainfall data on the total amount
of rainfall and discharge. In Table 2, the ranges of averages of total for rainfall in the four
classes are 660–670 mm, 636–642 mm in Xia-Yun during typhoon Matsa (radar rain-
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fall: 661 mm) and Korsa (radar rainfall: 640 mm), respectively. And the ranges for the
four classes in Xiu-Luan during Matsa (radar rainfall: 881 mm) and Korsa (radar rain-
fall: 621 mm) are 840–878 mm and 622–625, respectively. Compared to the respective
radar total rainfall (Table 1), those average values are comparable and affected little
by changing raingauge density. However, the standard deviations for total rainfall de-5

creased sharply with the increase of gauge number. No doubt, limited raingauges
result in greater deviation in estimating total rainfall. As mentioned earlier, the inherent
rainfall heterogeneity during Matsa is larger; again, we can see sampling-induced fluc-
tuation in total rainfall estimate is larger at the same gauge density level in the Matsa
case when comparing with that in Korsa (Table 2).10

For total discharges, similarly, the averages of total discharge are affected little by
raingauge density; yet, the deviation is much larger in low density condition. Here
we made a scatter plot by using Rset/Rradar (Rset and Rradar indicate, respectively, the
rainfall amount derived from the sample set and the full radar estimates) in x-axis and
Qset/Qradar (Qset and Qradar indicate, respectively, the discharge amount derived from15

the sampled set and the full radar estimates) in y-axis (Fig. 3) to demonstrate their
co-variability. All data points fell close to 1:1 line showing a strong positive correlation.
The accurate total discharge can be obtained only by accurate total rainfall estimate.
The class with higher raingauge density obviously have more chance to give successful
results (more data points fell within the range of 0.95–1.05; points outside this range20

are not shown).
A good estimate of total amount, however, does not guarantee an accurate estimate

in each time step. To reveal the temporal variations of rainfall and discharge and the
deviations between radar rainfall and sampled rainfall in each time step, time series
data were shown in Figs. 4, 5, 6 and 7 (left panel). We shaded the rainfall range for25

the 50 sets in each gauge number class. In those plots, shaded zones were found to
decrease as the increasing gauge density. Meanwhile, the largest deviation generally
appeared during the peak rainfall. Similarly, we could find the similar patterns that the
shaded zone decreases as the increasing gauge number and the largest deviation ap-
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pears during the peak flow as well (Figs. 4, 5, 6 and 7, right panel). Widened shaded
zones, in fact, imply that the rainfall heterogeneity during heavy rainfall periods was rel-
atively larger; the larger rainfall heterogeneity could not be represented well by limited
gauges and consequently resulted in the larger biases in peak flow simulations.

Summarized result above, the representativeness of rainfall field was determined by5

both the natural rainfall spatial variability and gauge density. It also indicated that the
increasing gauge number could improve the hydrograph simulation, particular in peak
flow.

3.3 Overall residual error caused by biased rainfall

According to above discussion, the residual errors over rainfall spatial variability in peak10

rainfall may have important influence on peak flow simulation. Compared the rainfall
RMSE (hereafter RRMSE) values with the discharge RMSE (hereafter QRMSE, which
represents the simulation performance), we examined the effect of sampling error on
hydrograph simulation (Table 4 and Fig. 8). The averages of RRMSE during Matsa and
Korsa ranged from 8.59–4.00 mm and 7.80–3.93 mm in Xia-Yun (Table 4). In Xiu-Luan,15

the averages varied from 5.45–1.91 mm and 4.55–1.90 mm. Meanwhile, the QRMSE av-
erages in Xia-Yun ranged from 1.75–0.23 mm and 1.13–0.23 mm for Matsa and Korsa,
respectively. In Xiu-Luan, the QRMSE averages varied from 0.83–0.06 mm and 0.33–
0.03 mm for Matsa and Korsa, respectively. Both RRMSE and QRMSE averages showed
a sharply decreasing trend with the increasing gauge density. Thus, the residual error20

or variability could be diminished by increasing gauge density. Interestingly, the aver-
age of QRMSE was much lower than the average of RRMSE throughout all gauge number
classes.

The RRMSE and QRMSE for individual set were plotted together in Fig. 8. Figure 8a
and b showed the results in Xia-Yun during Matsa and Korsa, respectively. Figure 8c25

and d were the results for Xiu-Luan. Compared to the linear correlation in amount ratio
shown in the Fig. 3, the co-variability between RRMSE and QRMSE were quite different
not following the 1:1 line. The QRMSE value increases non-linearly with the increasing
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RRMSE. The biases of rainfall field and its potential variability are exaggerated due
to random sampling in raingauge location when gauge density was low. However,
under low density condition the promising simulations could still be obtained though
rainfall input was biased. The hydrograph at watershed outlet is the convolution of
rainfall spatial pattern and landscape in time series and thus biases in rainfall field were5

compensated. This explains why researchers often have good hydrological simulations
with limited raingauge data.

3.4 Effective raingauge deployment and pseudo-hydrograph

Based on our experiment results, the criterion for cost-effective raingauge deployment
depends on the targets we want to probe. In term of total rainfall and discharge the10

criterion is the same since they vary proportionally. However, the criterion for obtaining
a reliable hydrograph is less strict than that needed for reliable rainfall field estimate.
The key issue of raingauge deployment was thus addressed by the cost-effect relation-
ship under the tolerance of error and budget. To identify the relationship, the whole
rainfall amount ratio, discharge amount ratio, RRMSE, and QRMSE were plotted against15

raingauge density (here for convenience we use covering area per gauge) for discus-
sion (Fig. 9a, b, c, and d). For rainfall amount ratio and discharge amount ratio (Fig. 9a,
b), when the covering area is less than 20 km2 (vertical dashed line in Fig. 9) the error
of amount estimate for both rainfall and discharge can be better than ±10% regardless
the raingauge locations.20

At fixed covering area ∼20 km2/gauge, the upper and lower limit of RRMSE are around
5.0 mm and 3.0 mm, respectively (Fig. 9c). By contrast, the upper bound of QRMSE is
lower than 1 mm and the lower bound is even lower than 0.1 mm. The derivation of
RRMSE includes spatial variability, thus, hydrological processes that translate spatiotem-
poral rainfall into temporal discharge apparently lead to lower QRMSE due to dimension25

reduction. Such dimension reduction created a situation that when the covering area
ranges 20–100 km2 we still have good chances to derive correct total rainfall and to-
tal discharge. However, based on Fig. 9c we know that those cases with good total
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amount estimation hold false rainfall field (i.e. high RRMSE) under lower rainaguge den-
sity. Those cases of low QRMSE (i.e. high performance simulation with QRMSE<1 mm) at
low density raingauge conditions (covering area>20 km2) is pseudo-hydrograpy since
all of those correct hydrographs were derived from seriously biased rainfall. Those
pseudo-hydrographs may compromise uncertainty analysis in hydrological simulation.5

In fact, Fig. 9c indicates that we can continuously improve the rainfall estimate by
increasing raingauge number, however, the improvement in hydrograph simulation is
limited when the covering area <10 km2/gauge (Note that 0.5 of QRMSE approximates to
0.95 or higher of EC depended on cases). Obviously, when raingauge density reaches
such a high density condition, those biases in rainfall field can’t alter the hydrograph too10

much because their contributing area is limited with respect to the whole watershed.
Therefore, to get accurate rainfall estimate raingauge density should be as higher as
possible. By contrast, covering area of ∼20 km2 was generally proper and cost-effective
for hydrograph simulation.

As discussing the effect of biased rainfall on hydrograph simulations, it is fortunate15

that hydrograph was not that sensitive to the rainfall biases and thus very high spa-
tial resolution of rainfall field is not necessary. Nevertheless, the suggested covering
area of 20 km2 may act as guidance for raingauge networks in hydrograph simulation.
This covering area is sufficient and cost-effective to constrain the inherent variability,
the crucial factor in flood warning system. Meanwhile, it may also be applied to the20

resembling environment conditions, such as Mediterranean areas.

4 Conclusion

Proper raingauge network may represent the typhoon-induced rain field, which is a
function of rainfall heterogeneity and raingauge number. The former affected by mete-
orological and geomorphologic conditions is a key player and the latter involved sam-25

pling error is the second. Increasing raingauge density is important in diminishing the
biases in rainfall estimate. However, as discussing the effect of deviated rainfall field
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on hydrograph simulation, it’s fortunate that hydrograph can compensate errors in rain-
fall estimate; therefore, lower raingauge density is needed for successful total water
discharge and hydrograph simulation. As the covering area per gauge is <10 km2,
the sampling errors are not detectable in simulated hydrographs because the covering
area with respect to the whole watershed is sufficient to resolve a reliable hydrograph.5

On the other hand, due to the dimension reduction from spatiotemporal rainfall input
to temporal hydrograph we may have very good chances to obtain successful hydro-
graphs even raingauge density is low; however, those correct hydrographs are derived
from biased rainfall. The pseudo-hydrograph will compromise uncertainty analysis in
hydrological simulation.10
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Table 1. The rainfall attributes of Matsa and Korsa in Xia-Yun and Xiu-Luan.

Typhoon Matsa Korsa

Watershed Xia-Yun Xiu-Luan Xia-Yun Xiu-Luan
Total rainfall (mm) 661 881 686 621
Duration (h) 44 47 45 39
RMSE (mm) 6.9 4.6 6.2 4.2
Avg. RIa (mm/h) 14.8 18.3 13.7 14.3
Max. RIb (mm/h) 39.8 46.8 45.5 41.7

a Avg. RI means the average rainfall intensity (total rainfall over duration)
b Max. RI is the maximum among hourly rainfall intensities

2185

http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/5/2169/2008/hessd-5-2169-2008-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/5/2169/2008/hessd-5-2169-2008-discussion.html
http://creativecommons.org/licenses/by/3.0/


HESSD
5, 2169–2197, 2008

Raingauge
deployment

Jr-Chuan Huang et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

Table 2. Total rainfall amount in each gauge number class.

Gauge number Xia-Yun (622 km2) Xiu-Luan (116 km2)
range Statistics Matsa Korsa Matsa Korsa

2–3 Avg.±Std. 665±146 637±78 841±106 625±40
6–10 Avg.± Std. 670±63 636±31 874±29 623±17
11–19 Avg.± Std. 665±41 642±23 877±13 625±7
24–38 Avg.± Std. 661±18 639±12 879±7 622±4

Avg. is the mean of the 50 sets in each class
Std. is the standard deviation of the class
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Table 3. Total discharges in gauge number classes.

Gauge number Xia-Yun (622 km2) Xiu-Luan (116 km2)
range Statistics Matsa Korsa Matsa Korsa

2–3 Avg.± Std. 464±122 458±66 519±74 362±26
6–10 Avg.± Std. 468±53 457±26 541±21 361±11

11–19 Avg.± Std. 464±35 462±19 544±9 362±4
24–38 Avg.± Std. 460±15 460±10 545±5 361±2
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Table 4. Rainfall and hydrograph RMSEs in gauge number classes among the two watersheds
and typhoon cases.

Gauge number Xia-Yun Xiu-Luan
range RMSE Matsa Korsa Matsa Korsa

2–3
R Avg.a 8.59 7.80 5.45 4.55
H Avg.b 1.75 1.13 0.83 0.33

6–10
R Avg. 6.52 6.19 3.64 3.39
H Avg. 0.80 0.48 0.24 0.16

11–19
R Avg. 5.45 5.20 2.76 2.59
H Avg. 0.52 0.35 0.13 0.07

24–38
R Avg. 4.00 3.93 1.91 1.90
H Avg. 0.23 0.23 0.06 0.03

a R Avg. is the average RMSE value of rainfall in the gauge number class
b H Avg. is the average RMSE value of hydrograph in the gauge number class
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Fig. 1. The location and landscape of study sites. The location and coverage of the four radar
stations and the tracks of Matsa and Korsa were shown in the right panel. The topography,
raingauges, and flow stations in Xia-Yun and Xiu-Luan watershed were shown in the left panel.
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Fig. 2. The observed and simulated hydrographs. The blue lines were simulated flows inputted
by radar rainfall and the square indicated the observed flow.
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Fig. 3. The scatter plot for discharge amount ratio (Qset/Qradar) and rainfall amount ratio
(Rset/Rradar). The red diamond, blue triangular, green cross and black circle indicated the gauge
number of very low, low, medium and high, respectively. (a) and (c) represented the Matsa
case in Xia-Yun and Xiu-Luan; (b) and (d) represented the Korsa case in Xia-Yun and Xiu-
Luan. Some dots outside the axes were not shown.
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Fig. 4. The hyetographs and hydrographs in Xiayun during Matsa. The hyetograph with solid
line was derived from full radar data and the shaded zone in (a), (b), (c), and (d) were the
ranges among the individual class. The blue solid line was the simulation derived from full
radar data and the shaded zone in (e), (f), (g), and (h) are the ranges among the individual
class.
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Fig. 5. The hyetographs and hydrographs in Xiuluan during Matsa. The hyetograph with solid
line was full radar data and the shaded zone in (a), (b), (c), and (d) were the ranges among
the individual class. The blue solid line was the simulation derived from full radar data and the
shaded zone in (e), (f), (g), and (h) were the ranges among the individual class.
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Fig. 6. The hyetographs and hydrographs in Xiayun during Korsa. The hyetograph with solid
line was full radar data and the shaded zone in (a), (b), (c), and (d) were the ranges among
the individual class. The blue solid line was the simulation derived from full radar data and the
shaded zone in (e), (f), (g), and (h) were the ranges among the individual class.
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Fig. 7. The hyetographs and hydrographs in Xiuluan during Korsa. The hyetograph with solid
line was full radar data and the shaded zone in (a), (b), (c), and (d) were the ranges among
the individual class. The blue solid line is the simulation derived from full radar data and the
shaded zone in (e), (f), (g), and (h) are the ranges among the individual class.
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Interactive DiscussionFig. 8. The scatter plot of QRMSE and RRMSE. The red diamond, blue triangular, green cross
and black circle indicated the gauge number of very low, low, medium and high, respectively.
(a) and (c) represented the Matsa case in Xia-Yun and Xiu-Luan; (b) and (d) represented the
Korsa case in Xia-Yun and Xiu-Luan.
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Fig. 9. The relationship between rainfall amount ratio and covering area was presented in (a);
the discharge amount ratio and covering area was presented in (b); (c) showed the relationship
between RRMSE and covering area and (d) presented the all cases in QRMSE and covering area.
The horizontal dash lines indicated that amount ration in 0.9 and 1.1, respectively. The vertical
dash line is the covering area of 20 km2/gauge.
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