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Abstract. A three-layer TOPMODEL is constructed by inte- ture rocks, typhoon generally indicates debris flows and land-
grating diffusion wave approach into surface flow, soil mois- slides at the upstream and flood at downstream areas (Huang
ture deficit into inter flow and exponential recession curveet al., 2007). For instances, Typhoon Herb in 1996, Zeb in
function into base flow. A subtropical mountainous water- 1998 and Xangsane in 2000 brought over 800 mm rainfall
shed, Heng-Chi, and 22 rain storms with various rainfall within two days. Typhoon Nari in 2001 broke the record
types and wide ranges of total rainfall (from 81 to 1026 mm) by bringing 1026 mm rainfall within 2 days with intensity
were applied. The global best-fitted parameter set gives amver 50 mm/h in certain hours. During Nari typhoon pe-
average efficient coefficient of 82% for calibration and 80% riod, more than 400 landslides were triggered in Taipei Basin
for validation. Sensitivity analysis reveals that soil trans- and the low land city areas were severely flooded (Sui et al.,
missivity dominates the discharge volume and recession co2002). This single event took 94 human lives and caused
efficient dominates the hydrograph shape in TOPMODEL about 300 million US $ economic loss. Typhoon-induced
framework. Over 90% observed discharges of validationhazards threaten human lives and cause an average annual
events falls within the 90% confidence interval derived form loss of more than 500 million US $ due to agricultural, eco-
calibration events. The resembling performances betweemomical, and infrastructure damages (Li et al., 2005).
calibration and validation as well as good results of the con- To cope with those threats induced by typhoon, simulating
fidence interval demonstrate the capability of 3-layer TOP-hydrological responses (e.g. stream discharge) is thus one of
MODEL on simulating cyclones with various rainfall inten- the major concerns for hazard mitigation and water resource
sity and pattern in subtropical watershed. Meanwhile, themanagement in Taiwan. This issue becomes more impera-
upper confidence limit is suggested preferably when considiive because both the frequency and intensity of Western Pa-
ering flood assessment. cific cyclone are increasing (Wu et al., 2005). Unavoidably,
Taiwan and other regions in East Asia will suffer a greater
pressure of typhoon. Thus, a suitable hydrological model is
urgently needed.

However, to simulate the dramatic hydrological responses
Taiwan, sitting on the Pacific Fault (orogenic belt), forestedin forested mountainous watersheds in Taiwan is challenging
and precipitous landscape (mountainous area) occupiedue to fracture geologic setting and meteorological condi-
about 67% of the whole island. Meanwhile, the island tions. A popular watershed modeling tool, TOPMODEL, has
also locates on the typhoon alley of the Western Pacifico®en demonstrated applicable to a wide variety of climates
and it suffers frequent typhoons, about 3-5 typhoon in-a@nd landscapes (e.g. Beven, 1997, 2001; Lamb et al., 1998;
vasions every summer (Taiwan Central Weather BureauScanion etal., 2000) because of its simplicity and clever use

www.cwb.gov.tw. Coupled with steep landscape and frac- ©f geomorphology. TOPMODEL links the topographic in-
dex and recession curve function by catchment storage con-

cept and as a result, the stream discharge and spatial pat-
Correspondence tdS.-J. Kao tern of water table deficit (or soil wetness) can be simulated
BY (sikao@gate.sinica.edu.tw) simultaneously. The latter part can also be incorporated into
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landslide modeling (Casadei et al., 2003; Huang et al., 2006)originates from Xiong-Kong Mt. (960 ma.s.l.) with its ele-

Therefore, it may be a conformable choice to concern bothvation from 180 to 960 m and an average slope of 41%. The

tasks at the same time (e.g. landsliding and flooding). topographic map and gauging stations are shown in Fig. 1.
As applying TOPMODEL concept to simulate the stream One hydrological station and only one rainfall station inside

discharge, many geochemical studies indicated that separathe watershed are maintained by the Water Resource Agency

ing subsurface flow into inter flow and base flow may be (www.wra.gov.tw.

plausible in many conditions particularly for short and in- The geologic setting in Heng-Chi watershed is mainly

tensive rainfall (e.g. humid tropical climate by Campling et composed of sandstone and shale (Taiwan Central Geo-

al., 2002; mediterranean climate by Candela et al., 2005)logical Survey,www.moeacgs.gov.tyy Strong weathering

Moreover, various modifications for subsurface flows hadand erosion result in steep and deeply dissected landscape.

been proposed, such as Scanlon et al. (2000), Hornbergeslopelands and low hills veneered by gravelly and sandy

et al. (2001) and Walter et al. (2002). On the other handloam soils occupy~90% of the watershed. Most rice fields

in order to improve the estimation of surface flow convolu- and scattered farm houses are located in the gentle slopes at

tion, routing procedure had also been introduced into TOPlower elevation while shrubbery, bamboo and primeval forest

MODEL to specify the drainage path and travel time of eachtake up the slopes at higher elevation.

cell (Candela et al., 2005). As aforementioned, typhoon in-

vades Taiwan aperiodically in summer when soil is dry and2-2 Extreme rain storms and flood events

water discharge is low. However, rare studies documented

TOPMODEL performance for frequent typhoon-induced ex- 22_ storm events are selected for this study (Tablell). Total
treme rainfall storms in subtropical region and none of theralnfall among events ranges from 81 to 1026 mm with an av-

applications has ever been integrated with advanced modifi¢'29¢ rainfall intensity of 5.7-24.9 mm/h and the maximum

cations mentioned above as a whole rainfall intensity of 22—-98 mm/h. Overall speaking, cumu-

Here, we construct a 3-layer TOPMODEL through inte- lative rainfalls are over 322 mm Wighin 33h The total dis-
grating previous modifications and apply it onto a subtropi-Charge ranges from 1_'8 0 26'76@ positively correlated
cal small mountainous watershed, particularly for :simulatingto total rainfall and n;?mfalj duratpp. The peak row; range
flood discharges caused by typhoons. One small watershe éom .57'8 t0 526.7 s bemg p05|_t|vely correlqted W'th. to-
Heng-Chi, at northern Taiwan, was undertaken. A total of! I raquall, average rainfall intensity, and maximum rainfall
22 rain storms during 1990-2004 were selected as 11 of therf"teNSIty (Table 1. . . .
were for calibration and the rest for validation. Meanwhile, Water discharge responds rapidly to rainfall with short

sensitivity analysis was carried out to unravel major control-t'hme lag (generally Ies_s thtar|1 Zlhgb t_ln mosft(;:{;sri?s’/, trt1e dis-
ling parameters and the interactions of the three flows (sur-C zaorgi;urgi;' appro>r<]|ma eTy ; 't’.“ef' t}: dSI 0
face flow, inter flow, and base flow). Finally, we compared = S Within one nour. ‘10 investigate the modet capa-

all observed discharges with simulated discharges through.l?IIIty for unknown events, the 22 events are separated equally
out all calibration events to extract the confidence interval. "t WO subsets by total rainfall. That s, 11 events are for

Hopefully, the entire procedure would advance the under-c?"pra.f'on and 11](?Vfr|]ts fofr \|/|a|ldatIOI"I. Each subset consists
standing of model structure and support decision-making jn°! Simtiar range of total raintafl.

hazard mitigation program.

3 Methods
2 Materials 3.1 Three-layer structure and model formulation
2.1 Study area The three-layer TOPMODEL contains eight processes: pre-

cipitation, evapotranspiration, interception, infiltration, per-

The climate in northern Taiwan is characterized by wet win- colation, surface flow, inter flow and base flow (see Fig. 2).
ters and dry summers with frequent typhoons during July toStorage organization consists of three layers: 1) the upper
September. Average annual precipitation varies from 250Qayer, that is, the Root Zone, which has a fixed maximum
to 3100 mm and the monthly mean temperature ranges fromvater storage capacity; max[L], and state variable of up-
13C in January to 28 in July (Taiwan Central Weather per layer storage$; [L]; 2) the middle layer, which is the
Bureau). conventional Unsaturated Zone between ground surface and

Heng-Chi with a drainage area of 52kiis a tributary of  the ground water table, with soil moisture defidi, [L] as
Danshusi River, which flows through Taipei City where over state variable; 3) the bottom layer, the Saturated Zone, below
2.65 million residents live. High population density in Taipei the ground water table witS3 [L] as its storage. The three
City underscores the importance of hydrological modelingstate variables are used to regulate the surface @y, (in-
for upstream tributaries that may contribute to downstreanter flow (Q;) and base flow@,). Relations among vertical
flood warning and hazard mitigation. The main streamflow, horizontal flow and state variables are illustrated below.
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Fig. 1. The Heng-Chiwatershed. Stream network, elevation contour, specific contributing area (SCA) and hydrological stations are presented.
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Fig. 2. Schematic diagram of the 3-layer TOPMODEL.

Once the rain falls, it is initially stored in the upper TheE, [L/T] estimation is
layer, where evapotranspiration occurs. The storage in

S .
the upper layer,S1, is controlled by rainfall and actual E, = E”S L if S1 < S1max (1a)
evapotranspiration H,), which is determined by the ra- 1 max
tio of S1 to S1max and potential evapotranspiratiot ). E, = Ep, if S1 > S1max (1b)
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Table 1. The rainfall-runoff characteristics of the 22 events during 192004.

Event Typhoon name Date Rainfall Rainfall Avg*RI Max. RI Total Peak Lag
duration discharge flow time
(mm) (h) (mm/h)  (mm/h)  1Bmd)  (mds)  (h)
No.1 Yancy 18 Aug 1990 342 44 7.8 48 11.4 2339 1
No.2 Storm 19Jun 1991 312 26 120 71 10.2 2122 2
No.3 Polly 27 Aug 1992 500 77 65 21 19.3 149 1
No.4 Storm 3Jun 1993 221 19 11.6 54 8.1 179 1
No.5 Doug 7 Aug 1994 225 28 8.0 47 6.9 120 1
No.6 Herb 30Jul 1996 450 42 107 31 10.8 231.2 2
No.7 Zeb 150ct 1998 475 36 132 36 147 174.0<1
No.8 Prapiroon 26 Aug 2000 81 8 10.1 35 2.6 65.4 1
No.9 Prapiroon 28 Aug 2000 204 36 57 25 6.8 57.8 2
No.10 Strom 16 Jun2001 125 6 20.8 61 1.8 167.9 1
No.11 Haima 11 Sep 2004 486 46 106 33 150 218&1
*No. 12 Ofelia 23Jun1990 131 35 3.7 24 6.2 172.0 2
*No. 13 Abe 30 Aug 1990 316 24 132 51 104 3104 1
*No. 14 Dot 7 Sep 1990 252 44 57 20 95 1504<1
*No. 15 Ellie 17 Aug 1991 210 23 9.1 29 76 126.0<1
*No. 16 Gladys 31 Aug 1994 398 16 249 98 9.3 365.2 4
*No. 17  Winnie 17 Aug 1997 223 32 7.0 22 5.7 136.8 8
*No. 18 Storm 4 Oct 1998 306 52 59 28 7.7 1139 1
*No.19 Storm 17Jun 1999 184 10 18.4 43 8.2 176.7 1
*No.20 Xangsane 310ct2000 508 46 11.0 33 18.3 387.8 2
*No.21 Nari 16 Sep 2001 1026 62 16,5 58 26.7 526.7 2
*No.22 Mindulle 4 Jul 2004 114 10 11.4 30 3.2 1543 2
Avg. - - 322 32.8 11.1 40.8 100 2013<2

# Rl indicates rainfall intensity’; validation case.

The potential evapotranspiration can be determined byand Ramirez, 1998) were embedded to approach diffusion
many methods (e.g. Penman, 1948; Monteith, 1965). Variousvave solution approximately.
factors such as temperature, wind speed, latitude, solar radia- The approximate solution is
tion, etc. are taken into account in certain methods. Although
considering more factors in estimation might give better re- 2

. . . . . (t —to)

sults in some circumstances, yet, it implies additional mea-U (1) = ———— exp| - ———— |, 2
surements, extra cost, and higher level of model complexity. oy/2m-13/13 [ 2t /1o }
To reduce the complexity, we applied the simple empirical
approximation by using temperature and latitude (Hamon,and the outlet flow hydrograph can be represented as
1961). For event-based simulations, the potential evapotran-
spiration estimation is neglected due to the much lower pro- !
portion between evapotranspiration to rainfall. OSgeex- Ost) = /quh(r) -U((t —t)dtdA, 3)
ceedsS1 maxdue to rainfall, the excessgg [L], may have two i
paths. One is to infiltrate vertically down into the middle

layer to increase soil moisturgg,, and the other one is to  whereU (¢) [1/T] is the flow path unit response function;
form surface flowg g, depending on the middle layer is fully [T] is the average travel time of the cell to outlet along flow
saturated or not. Once the middle layer is saturated, a verticgdath and [T] is the standard deviation of travel time. Both
flux, P, percolates into the bottom layer from middle layer to parametersiy ando, are retrieved from DEMs (40-m res-
elevateSs. In each time step, andSs are used to calculate, olution in this study) to mimic the spatial distribution. In
respectively, thed; and Q5. The routing calculations of the  other words, each flow path has different parameters depend-
surface flow, inter flow and base flow are described below. ing on the |ength of flow path and the physica| characteristics
For surface flow, the flow path unit response function of flow path elements. The total surface flow at watershed
(Eq. 2) proposed by Liu et al., (2003) was applied. Note thatoutlet is obtained by a convolution integral of the flow re-
Mannings’ equation and energy dissipation theory (Molnarsponse from all grid cells.
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For inter flow, Q; [L3/T], we followed the formulain orig-  such as Troch et al. (1993) and Barling et al. (1994). Since

inal TOPMODEL: we focus on the applicability of this TOPMODEL, the origi-
_ nal implement is applied.
Qi = Qioexp(—m;S2). 4) For base flow calculation, we applied the exponential re-

where [L3/T] is defined as a outflow parameter related to soil ¢€Ssion curve function (Lamb and Beven, 1997),
hydraulic properties and topography. In fa@ is the dis- _ _ =

charge when average soil moisture deficit equals zdres Qb = QvoXp(=rmy - 53), (10)
the watershed area and is the recession coefficient of in-  where m, is the recession coefficient an@,o is the dis-

ter flow associated with soil characteristic. Parametethe  charge when the base flow storage deficit equals zero. Note
aVeraged SOI|-t0pOgl’aphIC index of the entire Watershed, |qhat QiO and QbO are different Owing to different transmis-

defined as sivity, but share the sami andD. Similar to inter flow, the
1 a; base flow deficit is also updated in each step by following
A=7 Z A; -In T tanB;’ (3)  water balance,

where A;, a;, Bi, andT; are cell area, specific contributing S30-1= 83:-1+ (Qp,1-1=Cp.1/A)

area, local slope, and local transmissivity, respectively, forQ =P A ’
inter flow associated with thiecell. S is the average of soil '
moisture deficit for the entire watershed. The soil moisture
deficit is the reduced moisture deficit per unit volume of saill
from saturation (Walter et al., 2002),

(11)

where Q,, is the total recharge from the middle layer to the
saturated zone. Note that only when the cell in the middle
layer is saturated, the percolatiad[L/T], will recharge the

S —1 0—0y 5 bottom layer. Besides, the initial bottom layer storage is rep-
25T 8 ey ®)  resented as

wheref is the average soil moisture conte#t,is the sat- Sa,0= _i In(O'S' Qobst:O) (12)

urated soil moisture content aig is the air dry soil mois- = mp (0%) ’

ture content. Following the steady state assumption in TOP-

MODEL, the soil moisture deficit for each grid is Thus the three flows can be simulated step by step when

hourly rainfall inputted.

_ | 7 Collectively, eight global parameters in functions afore-
S2i =52+ m_l n(T tanﬁl) ) mentioned are essential to route the model: maximum stor-

) ) ] » age 1max in the upper layer, initial value ofS§g), surface
whereSy ; is the soil moisture deficit fai;, cell. The specific roughness), soil characteristic parameter), saturated
contributing area is derived from the infinite flow direction hydraulic Conductivity K) soil depth D) base flow reces-
(Tarboton, 1997). Meanwhile the local slope gradigitis sion coefficient £1), and percolation rateR). The main
calculated by Zevenbergen and Throne's method (1987). qqel outputs for each time step include the spatial pattern of
is the local transmissivity for inter flow defined as the integral 5| mojsture for the entire watershed and stream discharge at
of hydraulic conductivity and soil depth. outlet, which composes of simulated surface flow, inter flow
The watershed average soil moisture deficit for each time, 4 pase flow.

step is updated by calculating the input and output in time  +opMODEL is a spatially distributed model. Many pre-

steps, vious studies utilized the capacity and applied the land

So1 = S2so1 4 (Oirt1— Ous/A) cover map, vegetation cover and soil map to represent

(8) the parameter distribution in space. Those kind of dis-

Qv =) qru.i-Ai ’ tributed maps introduce their ordinary-scale (classification)
1

information; however, converting these categories into pa-
where 0, is the total recharge to the middle layer in each rameter values (interval- or ratio-scale) is highly uncertain

time step. At time=0, the initial S, is estimated by (Wang et al., 2006) and case dependent. It may also raise the
fog of equifinality as well (Beven and Freer, 2001). More-
5, 1, 02 Qobsi=o
2/=0 = —— In(———), (9) over, some model parameters only represent conceptual en-
mi Qio tities, which may not be measured directly (Refsgaard et al.,

where Qops:=o is the observed discharge at time0. Note 2006). For example, soil transmissivity in TOPMODEL has
that the proportion of inter flow over total stream dischargebeen proven that it is a scale parameter with grid size (Fran-
in the initial condition is assigned to be 0.2. Once the initial chini et al., 1996).

catchment average soil moisture deficit is decided, the spa- To reduce complexity of heterogeneity, all parameters are
tial pattern is implanted by Eq. (7). Some other methods hacassumed homogeneous. This uniform assumption may hold
been proposed to replace Eq. (7) to mimic the spatial patterrbecause 90% of the areas are covered by forest.
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3.2 Parameter calibration and performance measure observed peak. Through the five indicators the performance
of simulations can be evaluated comprehensively.
Parameter calibration is essential because of the limita- To extract the global best-fitted combination, 20000 pa-
tions of model structure and data availability of parametersrameter sets are generated by random uniform-distribution
namely, initial conditions and boundary conditions. During generator (Table 2). The uniform distribution is gener-
calibration various measures were proposed to quantify theyly adapted for generating parameters when information
performance of hydrological simulation. Those measures deahout the parameter population is insufficient. Based on
pend on different purposes such as hydrograph shape, peake 20000 parameter combinations, 20 000 predictions and
flow, peak time, discharge volume or even low flow (e.g. correspondent CRMSE values for each event are acquired.
Krause et al., 2005). Different measures, apparently, extracAmong the 20 000 predictions we obtain the best-fitted com-
different satisfactory combinations for their own aspect. bination (with lowest CRMSE value) for each event individ-
Here, we combine the overall root mean square erroryally. However, the best-fitted combination may not be the
(ORMSE) and average root mean square error of peak flowpest for the other events; therefore all CRMSE values are
(ARMSE) with equal weights (Madsen, 2000) to serve as oursummed to evaluate the overall performance of the respective
performance measure (CRMSE). The following formulas de-parameter set. This overall performance serves as a criterion

fine ORMSE, ARMSE, and CRMSE: to single out the global best-fitted combination.
N ) 1/2
Z wiz [Qx,i - Qo,i]
ORMSE= | =L _ , (13) 4 Results and discussion
> wf _—
i=1 4.1 Best-fitted simulation and calibration
n_/ 1/2 . . . .
2 o 12 Simulations derived from the global best-fitted and the event
M Z w; [Qs i Qo 1] . . . . .
ARMSE 1 A |12 ' ' 14 best-fitted combination are compared by using the 5 indica-
- M. n; ’ (14) tors mentioned above (Table 3). For individual event, best-
i 2 . ; .
= Z w; fitted EC varies from 83:397.3% with an average EC of
i=1 91.0%. EGyg values range from 89.5 to 98.3% with an av-
1 1 erage of 96.2%. The means of absolute value of EQV and
CRMSE= EORMSEJr EARMSE (15)  EQP are 7.6% and 10.4%, respectively. Generally speaking,

the near-perfect simulation can be derived from specific com-

In Egs. (13)—(15)Q,.; is the observed discharge at time ~ bination. However, those different combinations may not be
Qs.i is the simulated dischargs, is the total time step in the  the same and cannot be used for validation and practical ap-
individual eventsM,, is the number of peak flow events;  plications.
is the number of time steps in peak flow periods ands the Contrast to individual results, those simulations based on
weighting function. Peak flow periods are defined as periodghe global best-fitted combination=0.13, 51 max=14.9 mm,
when the observed discharge=€100 né/s. This measure  S10=15.9 mm,m;=80.2, D=3.1 m, K=130 mm/h,m;=22.1,
concerns both hydrograph shape and peak flow that are mogt=4.6 mm/h are also presented. EC values of simulations de-
important for flood warning. rived from global best-fitted set vary from 59.8 to 96.6% with

To present differences between simulation and observaan average of 82.4%, which is lower than independent simu-
tion, we further provide 5indicators, namely, EC, iC  lations (Table 3). The global best-fitted set givesdg€alues
EQV, EQP, and EQT. All five indicators are often used in from 81.2 to 99.0% with an average of 93.7%. Meanwhile,
evaluating hydrograph simulation. The efficiency coefficientthe means of absolute value of EQV and EQP are 13.2% and
(EC) proposed by Nash and Sutcliffe (1970) can quantify13.1%, respectively. The standard deviations of ECioC
the overall deviation between simulated and observed hydroEQV, and EQP are 11.0, 5.5, 18.5, and 12.3, respectively.
graphs. The highest value of EC is 1.0. To better quantifySuch result illustrates the global best-fitted set can give con-
the similarity in low flow condition, E@g, the logarithmic  sistent results for all events over a wide range of total rainfall.
Nash-Sutcliffe efficient (e.g. Gitner et al., 1999; De Smedt Here we show six examples of simulated hydrographs de-
et al., 2000), is applied due to its ability to reproduce time rived from the global best-fitted combination (Fig. 3) to re-
evolution of low flow. The other three indicators: the error of veal the observed and simulated hydrograph features. Three
total discharge volume (EQV) is defined as the ratio of sim-common features are shown: First, for all events the observed
ulated total flow over observed total flow; the error of peak discharge does not respond to rainfall at early stage. This
flow (EQP) is defined as the ratio of simulated peak flow overphenomenon is typical in forested watersheds due to water
observed peak flow, and the error of time to peak (EQT) is de-detention or interception by intensive vegetation. Second,
fined as the deviation between times of simulated peak andoth surface flow and inter flow, which predominate over the
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Table 2. The description, sampling range, and distribution 4.2 Validation and inter-comparison among events

of the 8 input parameters.
After calibration, the global best-fitted combination is ap-
Parameter  Definition and unit Range Distribution  plied onto validation events and the simulations are presented
in Table 4. The EC values vary from 5%96.2% with an av-

n surface roughness, [-] 0.6®.22  Uniform
s . ‘ . erage of 80.1%. The R values range from 88:898.0%
1 max maximum storage in . with an average of 93.8%. Meanwhile, the means of absolute
upper layer, [mm] 1.850.0 Uniform g .
s nitial values of EQV and EQP are 15.0 and 16.4%, respectively,
10 e s . with ranges of—21.2—+33.2% and-34.7—+4.4%. And the
ayer storage, [mm] 1050.0 Uniform o
] i standard deviations of EC, fg, EQV, and EQP are 13.2,
i :)i?lisesrlcf)lzvt\:loﬁn Ef”t 20120 Uniform 4.5,18.1, and 10.8, respectively.
_ ' . For validation events, 6examples of simulated hydro-
b soil depth, [m] 0550  Uniform graphs are shown in Fig. 4. The features of the simulated hy-
Log(K)  saturated hydraulic _ drographs resemble those presented in Fig. 3. Since selected
conductivity, [nm/h] ~ —3.0~3.0  Uniform events cover a wide range of total rainfall, we compare the
mp recession coefficient 2660 Uniform four indicators against the total rainfall (Fig. 5). Most vali-
of base flow, [nT1] dation events fall withint1 standard deviation of respective
P percolation rate, [mm/h]  0:410.0  Uniform indicator indicating that the overall performances of valida-

tion events are similar to those of calibration events. In addi-
tion, this figure also shows the performances are irrelative to
total rainfall. Thus we have confidence to apply our model
for various rain storms for management.

hydrograph, respond rapidly. Surface flow dominates partic- d H dov(;/ev_eré_thereFare still sorlne ?r\]' ents falllntg Oﬁfﬁgf ftan- K
ularly under torrential and concentrated rainfall conditions, ard deviation. For examplé, those events hold two-pea

such as event 1, 7, and 11 (Fig. 3a, d, and f), whereas, th infall pattern with the second peak smaller in observation
inter flow dominates when the rainfall is relative small and Event; 5 .11’ and 16). Yet, ;ometlmes the second peak in
gentle, such as Events 3 and 9 (Fig. 3b and ) Obviouslysmwauon is larger than the first peak. The cause for such
rainfall characteristics may regulate the relative contributiondecoume_d ramfall-runqﬁ response remalns_unknown and_ap-
of surface flow and inter flow in model. Third, the base flow, parently it cannot be simulated by models if the decoupling

which occupies a relatively small portion of total discharge,'ti r;a.al. Heterogeneou:;‘ :gmf.alll spaftf!a! p?itr(]arn Irs1 tp;:ausﬂ:le,
always shows slow response. at is, one raingauge station is insufficient though the water-

Honestly, although we have good performances in using'shed areais small. Infact, for rainfall-runoff event modeling,
the 3-layer TOPMODEL, geochemical tracers or other ag-€ach event may be regarded as a unique instance and cannot
vanced techniques are still needed to validate the three ﬂo\;?e_reprodugeq in the real world. It |mpl_|es that even sui-
components. Note that many hydrological models based o erng th.e similar rainfall, the obs.er.ved. d|scharges may not
different runoff generation mechanism or different storagesP® 'dentical, but must be much similar in modeling. Reaney

can also give equal performances (Beven and Freer, 200t al. (2007) concluded that storms with similar amounts of

Steenhuis et al., 1999) after calibration, so called equifinality.tbtal rainff_;lll but Wi_th varying rainfall aIIocatiqn can gener-
Apparently, it is insufficient that only using stream discharge ate very d_|ff_erent discharge patterns, depeno!mg on the storm
to evaluate runoff generation mechanism and storages. Iﬁhargcterlsycs. Pebesma_ et al. (2007) applied QPBRRM, a
our case, nevertheless, the calibrated saturated hydraulic Coﬂ_uasrp_hysmally based rainfall-runoff model, on R-5 gatch—
ductivity (130 mm/h) is higher than the maximum rainfall in- ment W'th,72 storm events anq concluded that by gonS|der|ng
tensity. Such higheK might indirectly support saturation even'F yarlables (e.g. total rainfall, rainfall |.nten5|ty, ru.noff.
excess runoff mechanism in subtropical mountainous Watergoefflment) the model per_forr_nance can be_|mproved signifi-
sheds as indicated by Walter et al. (2003). Meanwhile, nocantly. These recent studies imply that the influence of storm

Hortonian flow was observed in the field during our typhoon characterist_ics on runoff generation may not be interpreted
monitoring in 2007. In addition, our preliminary result of completely in many modern models. Other reasons, such as

geochemical tracers (unpublished data) suggests three Conthe uncertainty of rainfall measurement, discharge measure-

ponents in stream discharge. Those indirect evidences suﬁ1jent e:jntcri]moqlefl s”tructu;fedmay acl_count for 't'leo m?tterwhat
port the potential of 3-layer structure for this kind of water- causedthe raintall-runoit decoupling our modet performance
shed is in acceptable range.
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Fig. 3. The 6 examples among 11 calibration events for simulated and observed hydrographs with corresponded hyetographs. The red dot
stands for observation; black curve represents simulation. Gray and blue gray zones indicate, respectively, the base and inter flows.

Here a sensitivity analysis based on flow volume and
Nash-Sutcliffe EC (shape likelihood) is conducted. Each
Though the model applicability is presented, the parametekingle parameter changes fror50% to +50% while leav-
behaviors and it effects on model efficiency are still not C|ear.ing the rest parameters unchanged in the g|oba| best-fitted
Computation efficiency in calibration can be significantly im- combination to examine model responses respective to pa-
proved if we know which parameters are most sensitive torameter changes (Fig. 6). Event 3, which holds the longest
model simulations (Sieber et. al., 2005; Tang et al., 2007). flood duration, is used as an example. We also apart total dis-
charge into three components to investigate their responses
separately.

4.3 Parameter sensitivity in hydrograph simulation
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Fig. 4. The 6 examples among 11 validation events for simulated and observed hydrographs with corresponded hyetographs. The red dot
stands for observation; black curve represents simulation. Gray and blue gray zones indicate, respectively, the base and inter flows.

In Fig. 6, the 6 uppermost panels are for total discharge, wdlow’s traveling time (or surface flow velocity). The smaller
can see EC value changes as parameter changes (Fig. 6.af-values cause faster response and consequently sharper hy-
f1). ParameterP andm; are the most effective on shape drograph. Each parameter has its own effects on EC and/or
likelihood in terms of integrated hydrograph. However, the total discharge.
base flow is the most responsive component to changBs in  Total discharge responds to parameter changes except
andm; and the subsurface flow is responsive to changes irParameters affect total discharge by different components
K, m; andD. Surface roughnesg) does not alter the dis- in different ways, non-reactive, positive/negative, linear/non-
charge volume and only affect the hydrograph shape in surtinear or mixed. For example, parametey is the most ef-
face flow (Fig. 6a.1-4). This parameter determines surfacéective in term of total discharge, of which 10% discharge
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Table 3. Simulation results of the 11 calibration events by individual and global best-fitted parameter set.

Event EC (%) EGog (%) EQV (%) EQP (%) EPT (h)
Individual  Global Individual  Global Individual  Global Individual  Global Global
No. 1 97.1 96.6 97.7 97.9 -0.9 —-4.0 +0.1 -2.3 0
No. 2 76.3 59.8 92.7 90.0 +8.5 —-15.5 —28.7 —13.3 0
No. 3 95.3 87.7 98.2 97.4 —-0.5 -10.2 -19.1 —20.9 1
No. 4 89.0 79.7 98.1 94.8 -3.6 —-16.1 -5.0 —26.7 1
No. 5 83.3 67.0 94.9 92.0 +1.8 —-8.5 -3.3 —-8.8 0
No. 6 88.8 87.9 89.5 81.2 +30.0 +31.4 -17.4 —16.9 -1
No. 7 93.8 88.8 97.8 96.9 +2.2 -0.1 -4.3 -0.9 8
No. 8 955 88.7 97.7 98.3 +7.0 —-3.3 —-9.7 -27.0 1
No. 9 94.2 91.8 98.3 99.0 —4.4 7.4 +3.1 +13.3 1
No. 10 97.3 78.7 95.1 87.8 +11.5 +40.4 +6.8 -1.7 0
No. 11 90.7 79.5 97.9 95.7 +13.3 +8.5 -17.0 —-12.0 23
Average 91.0 82.4 96.2 93.7 |7.6] [13.2| 110.4| [13.1] -
Std. - 11.0 - 55 - 18.5 - 12.3 -
| | stands for the absolute value.
mean = 93.7
T @ +a mean = 82.4 ] uﬁ. "qﬁ+ .:ﬂ .y s]tlga; 33
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Fig. 5. Scatter plots of performance indicators against total rainfall. Dash lines and gray zones are the means and standard deviations,
respectively, derived from calibration events. Squares and crosses mark, respectively, the calibration and validation events.

changes corresponds to 50% changes:in However, its  velocity of inter flow. Highenn; may induce a faster change
effect is mainly caused by changes in base flow, which com-n soil moisture deficit, thus, may cause a larger saturated
posed of~30% of total discharge, thus its influence on total area to enhance the surface and base flows (Fig. 6¢.2) and
discharge is compromised though over 40% changes in basgiminish the inter flow significantly (Fig. 6c¢.3).

flow can be induced. Parameigy, controls the resident time Positive effects oK andD on total discharge are revealed

in bottom layer and therefore has a significant effect on theand the response is almost the same since they together deter-
amount of base flow but no interactive effect on surface ormine the soil transmissivity, thus, the surface and base flows
inter flows (Fig. 6e.2—4). In generah; reflects mainly the  show negative responses and subsurface flow shows positive
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Fig. 6. The percent change in discharge and EC response against parameter change. The x-axis shows percent change in individual paramet
based on the global best-fitted combination. Left y-axis corresponded to empty diamonds represent percent changes in discharge. Right y-axi
corresponded to red circles stands for the percent changes in EC. Note that y-axis is in different range.

response. Highek and D allow the water infiltrate to mid- 4.4 Confidence interval

dle layer and reduce the surface and base flow (Fig. 6b and _ _ o

d). Addition tom,, K, andD, parameterP is also effective  Although the simulation performances are promising, pro-

on total discharge (Fig. 6 f.1-4). AB increases, the surface vide the confidence interval to bracket possible uncertainty

flow volume decreases significantly. High&rdiminishes IS necessary for practical applications. Here we use an

the surface and inter flow and increase the base flow. empirically-based method to estimate confidence interval.
Our results of sensitivity analysis may guide the prior- The main idea of this method is to quantify uncertainties

ity in field measurements and shed lights on process interby projecting residual errors in simulation onto observations,

actions inside models to strengthen our understanding offecause the residual errors (differences between simulations

model structure and re-examine the rationality of model hy-and observations) are the best material to project uncertain-
pothesis. ties for unknown conditions.
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Table 4. Simulation results of validation events by the global best- 400

fitted parameter set.
3.50

Event EC EGg EQV EQP EPT 30 ]
(%) (%) (%) %) (h)

No.12 889 948 -55 -170 -1 3
No.13  96.2 948 -92 -14.1 0 3200
No.14 826 961 —-17.1 -23.1 1 s
No.15 923 975 -14 -154 0

No.16 571 885 +286 +1.7 -1
No.17 622 921 +20.1 —-156 -3
No.18 822 972 -19 +4.4 1
No.19 705 98.0 —-21.2 -226
No.20 886 93.0 +149 —155
No.21 749 839 +33.2 —347

No. 22 94.3 96.1 +11.4 -16.1 . . .
Average  80.1 93.8 1150, |164| _ Fig. 7. Scatter plot of th& ops/ Osim against Qsim. Red dots stand

for validation events. Black lines are the median and the gray zones
Std. 132 45 18.1 108 are 90% confidence interval derived from all calibration events.

0504 ¢

0.00 . .
10 100
Qsim (m3/s)

[eNoNoNo]

Here we list the medians, lower limits, upper limits, and
Table 5. Empirically-based confident interval and success rate infSuccess rate in Val'dat!on for different d'SChar_ge categories
validation. in Table 5. The medians of the 10 categories are close
to 1.0 (except category 1 with underestimation) and the

Discharge  Lower Median Upper Success rate width of 90% confidence interval (upper-lower) ranges from

category limit limit  in validation 0.48~1.56 (not shown). Meanwhile, mean success rate is
(m3/s) 89.9+0.1. Such promising results indicate that our model
48 0.60 130 3504 0.93 simulates WeI.I over ywde water @scharges. We also present
48-72 072  1.08 501 078 Qobd Qsim ratio againstQsim (Fig. 7) to reveal how the
79.10.8 0.55 0.89 1.70 0.88 empirically-based confidence interval envelope observed dis-
10.8-15.6 066  1.00 168 076 charges in validation events. Our newly proposed confidence
15.6-23.9 0.41 0.94 1.45 0.92 interval (Table 5) may serve as a crucial reference for future
23.9-33.6 047 0.90 1.65 0.97 hydrograph predictions. The upper limit is suggested prefer-
33.6-44.7 0.52 0.88 1.58 0.92 ably for flood risk assessment and the lower limit preferably
44.7-745  0.45 0.92 1.52 0.88 for drought assessment.

74.5-124.7 0.40 0.90 1.40 0.94
>124.7 0.40 0.94 1.53 0.98

5 Conclusions

This study presents the capability of a 3-layer TOPMODEL
in simulating flood hydrograph induced by wide ranges of
Firstly, the simulated discharges in calibration are dividedtorrential rainfalls in a subtropical mountainous watershed in

into 10 categories by occurrence. Secondly, we calculate th&aiwan. The global best-fitted combination gives an average
median, 5% and 95% limits aPond Osim ratios in each cat-  performance of 82.4% in EC and 93.7% in g{for 11 cal-
egory. The two limits embrace 90% of simulations during ibration events and 80.1% in EC and 93.8% indg@or an-
calibration. Thirdly, we calculate the success rate in vali- other 11 validation events. Sensitivity analysis reveals that in
dation. Furthermore, by multiplying the simulation by the TOPMODEL framework transmissivity and recession coef-
two limits we generate upper and lower boundaries of confi-ficient control, respectively, the discharge volume and shape.
dence for management use. Conceptually, it is without valuéEmpirically-based confidence interval brackets 90% obser-
if the confidence interval is too wide. On the other hand, vations of validation events providing upper limit as useful
we may obtain a narrow one in certain circumstance wherinformation for flood risk assessment and practical applica-
data length is insufficiently long; it will be risky to apply tions. Our study provides new information to modelers who
the narrow one since it might give low success rate in vali-are interested in TOPMODEL and other applications (e.qg.
dation. This confidence interval is empirically-based, thus,flood forecasting, material flux estimating) in subtropical re-
data length is crucial. gion. More chemical tracers studies are needed to re-examine
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the hydrograph compositions deepening our understanding teresis in the concentration-discharge relationship, Hydrol. Pro-
on real rainfall-runoff response and approaching better model cess., 15(10), 2029-2038, 2001. _ _
structure. On the other hand, the influence of storm characHuang, J. C., Kao, S. J., Hsu, M. L., and Lin, J. C.: Stochastic pro-

teristics on runoff generation should be explored to improve cedure to extract and to integrate Iands!ide gusceptibility maps:

model performances. an example of mountainous watershed in Taiwan, Nat. Hazards
Earth Syst. Sci., 6, 803-815, 2006,
http://www.nat-hazards-earth-syst-sci.net/6/803/2006/
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