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s u m m a r y
Short duration rainfall intensity in Taiwan has increased in recent years, which results in street runoff
exceeding the design capacity of storm sewer systems and causing inundation in urban areas. If potential
inundation areas could be forecasted in advance and warnings message disseminated in time, additional
reaction time for local disaster mitigation units and residents should be able to reduce inundation damage. In general, meteorological–hydrological ensemble forecast systems require moderately long lead
times. The time-consuming modeling process is usually less amenable to the needs of real-time ﬂood
warnings. Therefore, the main goal of this study is to establish an inundation evaluation system suitable
for all metropolitan areas in Taiwan in conjunction with the quantitative precipitation forecast technology developed by the Taiwan Typhoon and Flood Research Institute, which can be used for inundation
forecast 24 h before the arrival of typhoons.
In this study, information for the design capacity of storm sewer throughout Taiwan was collected. Two
methods are proposed to evaluate the inundations: (a) evaluation based on the criterion of sewer capacity (CSC), and (b) evaluation based on the percentage of ensemble members (PEM). In addition, the probability of inundation is classiﬁed into four levels (high, medium, low, and no inundation). To verify the
accuracy of the proposed system, Typhoon Megi and Typhoon Nanmadol were used as test cases. Four
veriﬁcation indices were adopted to evaluate the probability of inundation for metropolitan areas during
typhoons. The inundation evaluation results basically match the observed data on ﬂooding, which demonstrate that this ﬂood evaluation system has an effective grasp on the probability of inundation for
storm sewer systems.
Ó 2012 Elsevier B.V. All rights reserved.

1. Introduction
Taiwan is geographically located directly in the path of northwest Paciﬁc typhoons. Previously determined statistics (1958–
2010) show that an average of 29.2 typhoons form each year, 3.4
of which affect Taiwan, and 76% of the cases occur during the
months of July to September. The swift socio-economic development in recent years has enlarged the area covered by urban
growth. Urban storm sewer systems are often incapable of withstanding and satisfying the current and future demands of urban
development. Therefore, when typhoons or torrential rains arrive,
⇑ Corresponding author at: Department of River and Harbor Engineering,
National Taiwan Ocean University, Keelung 20224, Taiwan. Tel.: +886 2
24622192x6121; fax: +886 2 24634122.
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severe inundations occur if the incoming rainfall exceeds the design rainfall intensity of the storm sewer system. For example,
the torrential rain accompanying Typhoon Kalmaegi in 2008
caused widespread damage in the coastal townships of Pingtung
County (the maximum accumulated rainfall was 706 mm within
42 h). In 2009, Typhoon Morakot brought record-breaking precipitation, the maximum total accumulated rainfall was 3060 mm
within the whole affecting period – 6 days, the maximum observed
daily rainfall for 8 August and 9 August were both more than
1000 mm, which caused widespread inundation damage from continuous rainfall. The main inundation area encompassed three cities and nine counties in Taiwan. In 2011, Typhoon Nanmadol (the
maximum accumulated rainfall was 1117 mm within 84 h)
reached southern Taiwan and caused heavy inundation in the
regions surrounding Pingtung and Kaohsiung. In the same year,
Typhoon Nalgae also caused disastrous damage in Yilan, although
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it did not make landfall to Taiwan and the typhoon center was far
from the terrain. The circulation of Typhoon Nalgae interacted with
the northeasterly monsoon ﬂow, and the convergence ﬂow enhanced and locked by the topographical lifting. It also produced
continuous heavy rainfall (the maximum accumulated rainfall
was 1621 mm within 72 h).
Taiwan encounters increasingly damaging typhoons in recent
years (Emanuel, 2005; Liu et al., 2009). However, the protection offered by existing ﬂood prevention engineering is limited. To reduce
the overall damage from typhoons, torrential rain, and ﬂoods,
appropriate non-structure damage mitigation methods must be
adopted in addition to currently available engineering solutions.
There are many non-structure approaches, such as: (1) establishing
ﬂood prone area restrictions to avoid high-density developments
in potential ﬂood areas; (2) developing ﬂood forecast or early
warning systems so that residents living in potential ﬂood areas
can evacuate in time to reduce ﬂood damage and loss; (3) emphasizing knowledge and education of the potential threat of ﬂoods to
reduce residents and mitigate losses; (4) establishing ﬂood insurance to share or allocate risks; and (5) conserving soil and water
in the watershed to reduce surface runoff during storms. One of
the most effective methods among the non-structure solutions is
the disaster warning and response measures (Reed, 1984; Yu and
Chen, 2005). By controlling and understanding typhoon and torrential rain movements beforehand, timely inundation warnings
and initiation of preventive measures in potential disaster areas
should signiﬁcantly minimize the losses from disasters.
The precipitation forecasting plays a crucial role in developing a
ﬂood warning system. Hydrological forecasting models and meteorological forecasting models are two approaches to forecasting
rainfall (Yu et al., 2004). The hydrological forecasting models (for
example, Burlando et al., 1993; Luk et al., 2001) are focused on
short duration precipitation forecasts (1–3 h), which are suitable
for real-time ﬂood forecast operations. The meteorological forecasting models (for example, Docine et al., 1999) emphasize predicting precipitation potential and belong to long-duration
precipitation forecasts (24 h or more). Hydrologists usually employ
statistical methods to conduct short-duration precipitation forecasts. Probabilistic models and stochastic models are frequently
applied. The Markov-chain model is the most representative probabilistic model, which uses statistical probability to describe the
hereditary effect for before- and after-periods during precipitation
(Klatt and Schultz, 1983; Zevin, 1986). However, statistical models
generally require numerous samples that satisfy the assumption of
historic precipitation events sharing the same statistical characteristics with the precipitation event being forecast. Since the short
lead-time is considered insufﬁcient for pre-disaster warning, this
has driven the development of meteorological forecasts in recent
years.
In long-duration precipitation forecasts, quantitative precipitation forecasts (QPF) using numerical weather models are usually
applied. The Fifth Generation Penn State/NCAR Mesoscale Model
(MM5) developed by Pennsylvania State University (PSU) and the
National Center for Atmospheric Research (NCAR) is widely used
for precipitation forecasts (Dudhia, 1993; Grell et al., 1994). Recently, the next generation of mesoscale Weather Research and
Forecasting Model (WRF) developed by NCAR and supporting organizations has gradually replaced the MM5 model (Skamarock et al.,
2005). The WRF model provides various atmospheric physical
parameter methods for use in atmospheric research and practical
organizations. Since different assumptions are involved in each
physical parameter method, they can also be used in various
weather types, geographical regions, and speciﬁc conditions.
Regarding ensemble forecasts, a real-time MM5 forecasting system was established in 1996 by Cliff Mass and his research group
at the University of Washington in Seattle. The main region of fore-

cast was the northwestern US (Colle et al., 2000). The data from the
forecasts can be used not only for academic research but also for
providing operational reference to the local National Weather Service (NWS). The University of Washington further developed a
real-time ensemble forecast system which can manage multiple
sets of simulation simultaneously to improve forecasting capability
of the mesoscale ensemble forecast method (Grimit and Mass,
2002). Yang and Ching (2005) used the MM5 model to simulate
Typhoon Toraji in 2001. Results from the ensemble modeling
experiments revealed that selecting proper physical parameters
can improve the modeling of typhoon paths and precipitation distribution. Jankov et al. (2005) conducted QPF veriﬁcations for case
studies using alternative physical parameter method combinations
in the WRF model. Chien et al. (2006) designed 12 sets of sensitivity tests to evaluate the precipitation forecast capability of the WRF
model. They also determined the optimal combination of the physical parameters for precipitation simulations in Taiwan and the
South China region during the plum rains.
Numerous experts in recent years have actively pursued establishing a ﬂood early warning system to reduce damage from disasters. Cunge et al. (1980), Chen et al. (2005) and Chen et al. (2006)
developed warning systems that integrated precipitation, watershed runoff, one-dimensional ﬂood routing, and two-dimensional inundation modeling. These kinds of systems combined
hydraulic models and geographic information system techniques
and have effectively improved the precision of inundation forecasts. Tanguy et al. (2005) developed the French Flood Forecasting
Service, SCHAPI, for assessing the evolution of ﬂoods and for daily
publication of the French ﬂood vigilance chart. Some studies investigated the use of the Flash Flood Guidance (FFG) method and improved the accuracy of ﬂash ﬂood forecasts (Sperfslage et al., 2004;
Georgakakos, 2006; Norbiato et al., 2008). More recently, by incorporating the weather forecasts from the German Weather Service
(DWD) and the European Centre, Thielen et al. (2009) and Bartholmes et al. (2009) developed the European Flood Alert System
(EFAS) to provide early warning information for ﬂoods in Europe
with a lead time up to 10 days. Versini et al. (2010) proposed a distributed hydrological model for a road inundation warning system
and investigated ﬂash ﬂood prone areas in the Gard region of south
of France.
To reduce frequent losses due to urban inundation in Taiwan,
the authorities are urgently developing an integrated meteorological–hydrological forecast models for inundation evaluation. However, general watershed hydrological modeling is unable to
simulate runoff for ﬂooding warning for entire Taiwan because of
the complexity in model input and the lengthy computing time
of the model. Therefore, developing a fast inundation evaluation
system based on statistical or conceptual models is considered required. Based on the results of ensemble QPF designed by the
Taiwan Typhoon and Flood Research Institute (TTFRI), the main
task of this study is to develop a system that can effectively evaluate inundation and provide warning message for townships
throughout Taiwan. Two methods for evaluating storm sewer
inundations are proposed: (a) evaluation based on the criteria of
sewer capacity (CSC), and (b) evaluation based on the percentage
of ensemble members (PEM). The main concept of the CSC method
is to multiply the design rainfall intensity of the storm sewer by
different factors to classify four levels of inundation probability
(high, medium, low, and no inundation). The PEM method involves
using the percentage of ensemble members whose forecast precipitation exceeds the storm sewer design criterion. To verify the
accuracy of the proposed inundation system, the observed inundation data are compared with the evaluation results by using four
evaluation indices for Typhoon Megi and Typhoon Nanmadol.
Inundation evaluations based on the CSC and PEM methods were
also analyzed detailed.
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2. Methodology
This study combines the results from QPF and the design rainfall intensity of the storm sewer to construct an inundation evaluation system for the metropolitan areas of Taiwan. The proposed
system is capable of providing risk evaluation for inundation in urban areas 24 h before the arrival of typhoons.
2.1. Typhoon Quantitative Precipitation Forecast Ensemble Experiment
(TYQPFE)
The complex topography of Taiwan makes QPF especially
important. This study used the precipitation forecast results of
the Typhoon Quantitative Precipitation Forecast Ensemble Experiment (TYQPFE) that has been conducted by the TTFRI since 2010.
The TYQPFE combined the research abilities and efforts from the
academic institutes in Taiwan (National Taiwan University, National Central University, National Taiwan Normal University,
and Chinese Culture University) and the practical operation units
(Central Weather Bureau) with the computational resources of
the National Center for High-Performance Computing (NCHC)
and the disaster prevention experience of the National Science
and Technology Center for Disaster Reduction (NCDR). This is the
ﬁrst attempt to design a high-resolution numerical ensemble model in Taiwan. The goal of the TYQPFE experiment is to develop and
test the QPF to provide inundation information for disaster
prevention.
Numerical weather forecast uses all types of observation data
gathered worldwide (such as satellites, radar, atmospheric sounding, and ground observations) for numerical simulations. The
numerical simulations are performed on a super computer, which
can provide precipitation forecasts of the next 3 days within 2–3 h
after receiving the observation data. Considering the limitation of
numerical models, we performed ensemble forecasting techniques
to reduce the uncertainty of model simulations. Ensemble forecasting applied various models and initial conditions for precipitation
forecast. The model used for 2010 case was the WRF model, and
the mesoscale models MM5 from NCAR and Cloud-Resolving Storm
Simulator (CReSS) from Nagoya University were added in 2011. In
addition to multi-modal choices, perturbations in the ensemble
model also employ data assimilation and various cumulus parameterizations to provide the spread of the ensemble forecasting. The
average or weighted combination of all of the members was used
as the ﬁnal precipitation forecast. When typhoons were affecting
Taiwan, this experiment generated four runs a day in a 5 km resolution. The ensemble statistical method and probabilistic forecast
concept were used to analyze the typhoon path and precipitation
distribution. The 2010 ensemble data used in this study contains
15 sets of WRF model results. In 2011, because of the additional
MM5 and CReSS modeling results, there are a total of 20 ensemble
members providing the precipitation forecasting for inundation
warnings.
2.2. Flood evaluation model based on TYQPFE
Generally, ﬂood forecasts are focused on river stage, dam
breaches or overbank, and lowland inundations. To obtain precise
forecasts regarding these situations, hydrologists can use 1D or
2D ﬂood forecast models to conduct numerical routing of the watershed being studied and to forecast river stage or the extent and
depth of inundation. However, in performing real-time forecasts,
numerical instability may result from solving water continuity
and momentum equations due to inadequate precipitation data input, local topography, and the setting of model initial conditions. In
addition, 2D physically-based inundation model computations are
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time-consuming and less suitable for the needs of emergency responses. Considering these restrictions, the timeliness of warnings
can be greatly enhanced if inundation warnings can be provided
without using physically-based models. Generally, inundation
causes fall into one of the following categories: (1) dam overﬂows
caused by high river stage; (2) inundation caused by dam
breaches; (3) insufﬁcient drainage caused by strong precipitation;
or (4) sea water encroachment caused by storm surges or tsunamis. Among these, the ﬁrst and the third items are directly linked
with precipitation. The other two are more closely related to tidal
levels, dam structure, and other factors. There are also human factors or mechanical failures that cause inundations, such as open
sluice gates or malfunctioning pumps. Because this study aims at
developing a fast inundation evaluation system using TYQPFE results, only situations with insufﬁcient drainage capacity caused
by strong precipitation were considered. Other factors and human-caused inundations were not considered when developing
this system because of the high level of uncertainty.
This system is mainly concerned with urban inundations caused
by insufﬁcient drainage capacity of storm sewers under a speciﬁed
protection level. Since urbanization causes increasing the runoff
peak due to the shortened time of concentration, existing storm
sewers are often unable to accommodate the bursts of torrential
rain, which causes manhole overﬂow and urban inundation. Therefore, in this study we used design rainfall intensity of the storm
sewer to compare with the QPF to determine the probability of
inundation.
2.2.1. Algorithm for evaluating inundation probability
The storm sewer design criteria of 314 townships (urban area)
throughout Taiwan were collected from the Construction and Planning Agency of the Ministry of the Interior (Taiwan). Two factors
are related to the design criteria. The ﬁrst one is the rainfall duration which is set to equal to the time of concentration of the sewer
drainage system. The second one is the design return period which
is based on the considerations of cost and safety. In general, the design return period for a sewer system is about 2–5 years according
to the development condition of the area, and the time of concentration of the system ranges from 30 min to 2 h. To match the time
scale of TYQPFE, we used 1-h and 2-h precipitation intensities for
inundation evaluation.
Based on the sewer design criteria from the Construction and
Planning Agency, we found that in some townships, the cumulative
rainfall depth calculated from the 2-h design rainfall intensity is
less than that calculated from the 1-h design rainfall intensity,
which is obviously unreasonable and requires for further correction. Since the 2-h design rainfall depth is nearly 1.5 times the
1-h design rainfall depth for most of the townships in Taiwan,
we assumed the 2-h design rainfall depth equal to 1.5 times the
1-h design rainfall depth for the correction of aforementioned
unreasonable situation.
The main function of a storm sewer system, which is one of the
basic infrastructures of modern cities, is to drain street runoff in
time to avoid ﬂooding damage. In fact, the maintenance and management of storm sewers have often been neglected in Taiwan.
Sludge from construction sites ﬂows into conduits; sand quarry
operators illegally discharge wastewater from sand washing; civilians dump garbage; and pipelines crisscross underground. All of
these human or natural factors signiﬁcantly inﬂuence the function
of storm sewers. Consequently, storm sewer systems usually fall
below their original design drainage capacity. Considering that
storm sewer systems are incapable to operate at 100% capacity,
this study proposes two methods for evaluating the inundation
probability, which are described below:
(1) Evaluation based on the criteria of sewer capacity (CSC)
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In this study, the original sewer design criterion is multiplied by
various factors, and then they are used to compare with the QPF;
consequently, a group of inundation probability forecast can be obtained. Four inundation probabilities are proposed as follows:
(a) No inundation: QPF is less than 55% of the design criterion.
(b) Low probability: QPF is between 55% and 85% of the design
criterion.
(c) Medium probability: QPF is between 85% and 115% of the
design criterion.
(d) High probability: QPF is greater than 115% of the design
criterion.
Afterwards, the 1- and 2-h precipitation intensities are linked
using the following equation as a guideline for evaluating inundation (Guo et al., 2011).
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þ
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where i represents a township, t is the time currently evaluated, d is
the duration, RPrediction
is the QPF (hourly precipitation) in township i
i;t
at time t, RDesign
is
the
1-h
design precipitation intensity in township
i;d¼1
d¼1
i, RDesign
i;d¼2 is the 2-h design precipitation intensity in township i, Ei;t is
the inundation probability for 1-h precipitation at time t in township i, and Ed¼2
i;t represents the inundation probability for 2-h precipitation at time t in township i. The maximal inundation probability
from the evaluation results of Ed¼2
and Ed¼1
is used to evaluate the
i;t
i;t
inundation probability at time t.
(2) Evaluation based on the percentage of ensemble members
(PEM).
Because the TYQPFE implies the concept of probabilistic forecasting, we attempted to determine the inundation probability
according to the percentage of members exceeding the sewer design criteria. In other words, if more members predict the precipitation exceeding the design criteria of the storm sewer, the
township has a higher inundation probability. The inundation
probability is deﬁned as:

Fig. 1. (a) Overlapping quantitative precipitation output points and townships in Taiwan and (b) precipitation points shown in Thiessen control area diagram.

Please cite this article in press as: Lee, C.-S., et al. Assessment of sewer ﬂooding model based on ensemble quantitative precipitation forecast. J. Hydrol.
(2012), http://dx.doi.org/10.1016/j.jhydrol.2012.09.053

C.-S. Lee et al. / Journal of Hydrology xxx (2012) xxx–xxx

Ei;t ¼



M
TM

Prediction
ð2Þ
i;t

in which
(a)
(b)
(c)
(d)

high inundation probability: Ei;t > 50%;
medium inundation probability: 25% < Ei;t < 50%;
low inundation probability: 0% < Ei;t < 25%;
no inundation: Ei;t ¼ 0.

where Ei,t is the inundation probability; M is the number of ensemble forecast members when the forecast precipitation is greater
than the storm sewer design criterion, and TM is the total number
of members.
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3. Model applications
The proposed inundation evaluation model was applied to the
metropolitan areas in Taiwan. The Typhoon Quantitative Precipitation Forecast Ensemble Experiment has been conducted by the
Taiwan Typhoon and Flood Research Institute (TTFRI) since 2010,
so only two typhoon events are available for this analysis.
3.1. QPF data processing
Since the coordinate systems of the TYQPFE platform and the
township coverage are different, coordinate transformation was
performed to link with these two systems. To compare the QPF results with observed precipitation data, the QPF was spatially inter-

Fig. 2. Data processing of the inundation evaluation model.

Fig. 3. Observed accumulated precipitation: (a) Typhoon Megi. 0000 UTC 21 October–0000 UTC 22 October (24 h) and (b) Typhoon Nanmadol, 0600 UTC 28 August–
0600 UTC 29 August (24 h).
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Fig. 4. Ensemble members and mean accumulated precipitation: (a) Typhoon Megi. 0000 UTC 21 October–0000 UTC 22 October (24 h) and (b) Typhoon Nanmadol, 0600 UTC
28 August–0600 UTC 29 August (24 h).

polated to the locations of the rain-gauging stations and used for
further inundation evaluation (as shown in Fig. 1a). For a large
township, the spatial-averaged precipitation was calculated by
using the Thiessen polygon method (as shown in Fig. 1b). The spatial-average precipitation series of each township were then used
in the two methods for inundation prediction.
The processes of integrating QPF are different in performing the
two inundation-probability-evaluation methods. In the CSC Meth-

od, ensemble precipitation cannot be directly averaged to obtain
the forecast hourly precipitation because of the variation of the initial conditions used in the numerical simulation of the members. If
the forecast precipitations are averaged, the precipitation peak
would then be diminished. Therefore, in performing the CSC method, the maximum 1- and 2-h precipitation depths were calculated
by using the 24-h QPF series from different members, and then the
maximum values were averaged and substituted into Eq. (1) for
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inundation estimation. Nevertheless, the predicted 24-h QPF series
were directly adopted to check the exceedence probability of
ﬂooding in the PEM method (as shown in Eq. (2)). Consequently,
the merit of the PEM method is to preserve the ensemble probability of the 24-h QPF series from all the members. The data processing of the inundation evaluation system is shown in Fig. 2.

3.2. Typhoon Megi
The lifecycle of Typhoon Megi was from 13 October to 23 October 2010. The land warning for Taiwan was issued from 0930 UTC
21 October to 1530 UTC 23 October, for a total of 54 h. The maximal wind velocity of Typhoon Megi is 48 m s1 measured by the
Central Weather Bureau (CWB) of Taiwan. Previous studies have
indicated that typhoon cases accompanying with a northeasterly
monsoon easily caused heavy rainfall in the northern and eastern
part of Taiwan. Lee et al. (2007) analyzed the accompanying precipitation from such typhoon cases. Aside from that caused by
the accompanied effect between the typhoon and the northeasterly
monsoon, a large part of the precipitation was caused either by the
circulation of the typhoon itself or by the terrain lifting effect. For
example, Typhoon Zeb in 1998 caused heavy precipitation in
northern Taiwan. In addition to the precipitation provided by the
mid-latitude trough, part of the precipitation was caused by the
circulation of the typhoon, with the terrain playing a key role
(Chou et al., 2001). Another type of case occurs when the center
of the typhoon is still far away from northern Taiwan (approximately 400–500 km or more in distance), the outer circulation
and large-scale ﬂow ﬁeld may combine to cause heavy rainfall
(Lee et al., 2007).
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The accompanied effect from Typhoon Megi brought extreme
precipitation to northern and northeastern Taiwan. Analyzing the
accumulated precipitation data shows that heavy precipitation occurred in the Yilan area (Fig. 3a). The maximal 72-h accumulated
rainfall measured at the Suao observation station was 1168 mm.
Fig. 4a shows the accumulated precipitation for mean results and
individual members in ensemble model forecasts. The forecast results show that all members have forecasted the occurrence of
strong precipitation in the Yilan area. However, the locations of
strong precipitation were found to differ by a few kilometers. Affected by the combination of outer circulation and northeasterly
monsoon, Typhoon Megi poured extremely heavy rain on the Yilan
area. During the typhoon period, the hourly rainfall reached
180 mm and has broken the record in Taiwan. The maximal accumulated precipitation over 24 h exceeded 1000 mm, causing severe inundation damage in many townships in Yilan as shown in
Fig. 5a. In fact, the maximum storm sewer capacity for 1-h precipitation intensity is only 78.9 mm/h for the main metropolitan of
Taiwan currently.

3.3. Typhoon Nanmadol
The lifecycle of Typhoon Nanmadol was from 22 August 2011 to
31 August 2011. The land warning was issued from 1230 UTC 27
August 2011 to 0030 UTC 31 August 2011, for a total of 84 h. The
maximal intensity of this typhoon is deﬁned as a super typhoon
(53 m s1) by the CWB of Taiwan. Analyzing the accumulated precipitation of Typhoon Nanmadol shows that heavy precipitation
was mainly concentrated on the eastern Taiwan and Pingtung
areas (Fig. 3b). The largest accumulated precipitation was observed

Fig. 5. Map of observed inundation: (a) Typhoon Megi and (b) Typhoon Nanmadol.
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in the Jialeshui observation station at 1123 mm. The Majia station
in the mountainous area of Pingtung also recorded 755 mm of
accumulated precipitation. Fig. 4b shows the accumulated precipitation for mean results and individual members in ensemble model forecasts. The forecast results show that numerical models
overestimated the precipitation in the eastern Taiwan during
Typhoon Nanmadol. However, the strong precipitation in the south
of Pingtung was not effectively forecast. Consequently, there is still
room for improvement in the numerical model forecasts for such
local precipitation caused by mesoscale systems.
The inundations during Typhoon Nanmadol were caused by the
total amount and the heavy intensity of precipitation. According to
the records from the Hengchun observation station during
Typhoon Nanmadol, the largest daily precipitation was 469 mm,
and the largest 2-day precipitation was 775 mm. Both exceeded
the 200-years return period precipitation and the design capacity
of local drainage systems. The 4-day continuous precipitation with
accumulated depth exceeding 1000 mm caused severe inundation
damage as shown in Fig. 5b. The damage was most severe in
Pingtung County. The 3-day accumulated precipitation in
Hengchun peninsula exceeded 900 mm which caused a wide range
of inundation in many places.

ing Group on Forecast Veriﬁcation Research. A contingency table
was used as the basis for determining whether a forecast should
be ‘‘yes’’ or ‘‘no’’ according to a set threshold value. For precipitation veriﬁcation, the threshold value is ﬁrst selected. In this study,
50, 130, 200, and 350 mm were chosen for accumulated-precipitation threshold values of 24 h according to the experiences of CWB.
Occurrences of both forecasts precipitation and observations for a
station being below the threshold value were tallied as ‘‘correct
rejections.’’ Occurrences of the forecast precipitation for an observation station being lower than the threshold but the actual record
being above the threshold were tallied as ‘‘misses.’’ Occurrences of
the forecast precipitation for an observation station being higher
than the threshold value but the actual precipitation being lower
were tallied as ‘‘false alarms.’’ Occurrences of both the forecast
and actual precipitation of an observation station being higher
than the threshold value were tallied as ‘‘hits.’’ According to the
contingency tables, four evaluation standards or indices can be calculated to verify precipitation forecasts:

4. Results and discussion

Bias ¼

4.1. Veriﬁcation method

A BS value over 1 signiﬁes ‘‘over-forecast,’’ whereas a value under 1 signiﬁes ‘‘under-forecast.’’ This scoring system is used only to
describe the relative relationship between forecasts and observations, and cannot be used to describe how close the forecast results
are to the observations.

This study used the dichotomous (yes/no) forecasts veriﬁcation
method of the World Weather Research Programme/Working
Group on Numerical Experimentation (WWRP/WGNE) Joint Work-

(1) Bias Score (BS)

hits þ false alarms
hits þ misses

ð3Þ

Fig. 6. Evaluation results of inundation probability for Typhoon Megi based on observed precipitation: (a) considering only 1-h precipitation depth and (b) considering both
1- and 2-h precipitation depths.
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Fig. 7. Evaluation results of inundation probability for Typhoon Nanmadol based on observed precipitation: (a) considering only 1-h precipitation depth and (b) considering
both 1- and 2-h precipitation depths.
Table 1
Veriﬁcation results for Typhoon Megi.
Indices

BS
POD
FAR
TS

Using observed precipitation data
Precipitation duration

Using TYQPFE precipitation data
Evaluation method

Only 1-h precipitation data

Both 1- and 2-h precipitation data

CSC

PEM

1.857
1.000
0.462
0.538

2.714
1.000
0.632
0.368

3.286
0.857
0.739
0.250

4.714
0.857
0.818
0.176

Table 2
Veriﬁcation results for Typhoon Nanmadol.
Indices

BS
POD
FAR
TS

Using observed precipitation data
Precipitation duration

Using TYQPFE precipitation data
Evaluation method

Only 1-h precipitation data

Both 1- and 2-h precipitation data

CSC

PEM

1.316
0.579
0.560
0.333

1.789
0.789
0.559
0.395

1.158
0.474
0.591
0.281

2.632
0.316
0.880
0.095

(3) False Alarm Ratio (FAR)

(2) Probability of Detection (POD)

POD ¼

hits
hits þ misses

ð4Þ

The POD describes the ratio of correct forecasts. This value considers only hits and ignores false alarms, and tends to have a high
value for forecasts of rare cases. The false alarm ratio should be
considered when the POD is used.

FAR ¼

false alarms
hits þ false alarms

ð5Þ

The FAR describes the ratio of false alarms.
(4) Threat Score (TS)
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Table 3
Ensemble forecast evaluation results for Typhoon Megi (model initiated at 1800 UTC
20 October 2010, verify period 0000 UTC 21 October–0000 UTC 22 October 2010).
Threshold value

50 mm

130 mm

200 mm

350 mm

BS
POD
FAR
TS

1.59
1.00
0.37
0.63

1.25
0.99
0.21
0.78

1.21
0.97
0.20
0.78

1.37
0.91
0.34
0.62

4.2. Inundation evaluation using observed precipitation

Table 4
Ensemble forecast evaluation results for Typhoon Nanmadol (model initiated at
0000 UTC 28 August 2011, verify period 0600 UTC 28 August–0600 UTC 29 August
2011).
Threshold vlaue

50 mm

130 mm

200 mm

350 mm

BS
POD
FAR
TS

1.52
1.00
0.34
0.66

1.63
1.00
0.39
0.61

1.65
0.99
0.40
0.60

1.40
0.99
0.29
0.70

TS ¼

hits
hits þ misses þ false alarms

ing to different precipitation thresholds. Regarding inundation
forecast veriﬁcation, this study also used similar veriﬁcation score
calculation methods to determine if the forecast should be yes/no
based on whether actual inundation is present.

ð6Þ

The TS is so called the critical success index (CSI). This score excludes the situation when both the forecast and actual precipitation are lower than threshold value; thus, it could be considered
as the ‘‘correct percentage’’ of the forecast model. The TS value is
0 when there is no forecast capability.
By conducting the aforementioned analysis, the forecast results
of ensemble precipitation forecasting could be interpreted accord-

To test the evaluation performance of the proposed system, we
adopted precipitation records from rain-gauging stations to evaluate the precision of the inundation estimation. The observed 24-h
precipitations from Typhoon Megi and Typhoon Nanmadol were
collected. The maximum 1- and 2-h precipitation depths were used
to evaluate the inundation probability. The difference between
considering only 1-h precipitation depth and considering both 1and 2-h precipitation depths was also tested. The CSC method
introduced in Section 2.2.1 was used to evaluate the inundation
probability. As shown in Figs. 6 and 7, inundation evaluation using
the observed precipitation can well predict the extent of inundation, regardless of whether only 1-h precipitation depth or both
1- and 2-h precipitation depths are considered. The results indicate
that considering both the 1- and 2-h precipitation depths are more
conservative, which provides a forecast of more townships suffering from inundation than when only 1-h precipitation depth is
considered.
We further used four indices (Eqs. (3)–(6)) to quantify the difference between the two sampling methods of choosing the precipitation data for analysis. The veriﬁcation results are shown in
Tables 1 and 2. As shown in Table 1 for Typhoon Megi, the POD values for both methods are 1. It shows that this evaluation system is
capable of forecasting inundations. Notably, because both 1- and

Fig. 8. Evaluation results of inundation probability for Typhoon Megi based on TYQPFE precipitation by (a) CSC method and (b) PEM method.
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Fig. 9. Evaluation results of inundation probability for Typhoon Nanmadol based on TYQPFE precipitation by (a) CSC method and (b) PEM method.

2-h precipitation depths were included for analysis, more townships were forecast to be inundated, which leaded to more false
alarms. This caused the TS to be lower and the BS and FAR values
to be larger than that when considering only 1-h precipitation
depth. It seems that when both 1- and 2-h precipitation depths
are included for analysis, although the false alarm rate is apparently large, it results in a more conservative prediction to include
all the possible inundation cases in practice.
The evaluation results of Typhoon Nanmadol event shown in
Table 2 also validate the aforementioned discussion. In this event,
though more townships are forecast to be inundated when both 1and 2-h precipitation depths are considered, there are more accurately forecast hits. As shown in Table 2, the POD is 0.789, which is
more favorable than the 0.579 obtained when only 1-h precipitation depth is considered by the system. Except the BS index, all
the other indexes show that the system considering both 1- and
2-h precipitation depths provides a more accurate inundation forecast. Therefore, overall consideration proves that the POD yields
more favorable results when both 1- and 2-h precipitation depths
are considered in evaluating inundations. Other indices may be
more or less favorable depending on the characteristics of the
storm event.
From the decision maker’s perspective, a more conservative system is preferable in order to avoid that an actual inundation occurs,
but the system does not disseminate warning messages. Consequently, the sampling method of adopting both 1- and 2-h precipitation depths is used in the system in the following discussion
using ensemble quantitative precipitations.

4.3. Inundation evaluation using TYQPFE precipitation
From the results discussed in the previous section, the proposed
inundation model has shown its capability for evaluating storm
sewer ﬂooding using the observed precipitation data. To fulﬁll
the objective of the system for inundation forecast, forecast precipitations generated from TYQPFE were used. Veriﬁcation results
from 24-h accumulated precipitation for Typhoon Megi and
Typhoon Nanmadol are shown in Tables 3 and 4 based on the indices deﬁned in Section 4.1. The TS at the threshold value of 130 mm
are 0.78 and 0.61, respectively. It shows that the precipitation forecast could be a valuable reference in practice although the Bias
score indicate that the precipitation forecasts were overestimated
in these two typhoons.
Results for inundation forecast using TYQPFE are shown in
Figs. 8 and 9. As shown in these ﬁgures, extra errors were introduced into the inundation evaluation system in comparison with
the forecast inundation shown in Figs. 6 and 7; nevertheless, the
results were considered acceptable in practice. As shown in Fig. 8
for Typhoon Megi, both methods predicted the inundation mainly
occurring in Yilan County (the north-east corner), which was consistent with the actual inundation area shown in Fig. 5a. Although
a long strip region of north-south direction was forecast inundation, ﬂooding did not actually occur in this area. The reason for this
false alarm may be due to only few residents in this area, so there is
no inundation record. A similar false alarm also occurred in
Typhoon Nanmadol, which can be seen in Fig. 9. To quantify the pros
and cons of the two inundation-evaluation methods, veriﬁcation
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indices shown in Tables 1 and 2 are detailed investigated. The POD
index for both methods reaches 0.857 in Typhoon Megi (Table 1),
which demonstrates that the two methods are capable of providing
disaster prevention information to decision makers in advance.
Nevertheless, because of higher false alarms shown in the PEM
method, the other three indices show that the analysis results of
the PEM method are worse than those of the CSC method. As
shown in Table 2, the difference of the indices’ values between
the two methods is more obvious in Typhoon Nanmadol, and all
indices indicate that the CSC method is superior to the PEM method. The main reason is that the PEM method including probabilistic
evaluation results from all the members, which leads to less false
alarms than that in the CSC method.
Basically, the aforementioned veriﬁcations have demonstrated
that the proposed system is capable of providing early forecasts
on potential inundation areas. An integrated platform will be
developed in the near future to disseminate inundation warning
messages to authorities for disaster mitigation measures.
5. Conclusions
This study combines the TYQPFE and storm sewer design capacity to establish an inundation evaluation system for ﬂood early
warning in the metropolitan areas of Taiwan. We propose two
methods to evaluate inundation probabilities: the CSC method
and the PEM method. To realize the effect of using 1- or 2-h precipitation depths in inundation evaluations, we use Typhoon Megi
and Typhoon Nanmadol as test cases. Four veriﬁcation indices
are used with the CSC method to evaluate the probability of a
metropolitan area being inundated during typhoons. The results
indicate that considering both 1- and 2-h precipitation depths
yields more favorable forecasting on inundation. In addition, when
using the TYQPFE forecast precipitation, the CSC method offers
more accurate results than the PEM method. It is all because that
the PEM method employs all the members’ results in probabilistic
evaluations, which predicts more townships to be inundated than
employing the CSC method. On the basis of the inundation records
from two typhoon events, it is concluded that the proposed inundation evaluation system combining the TYQPFE with sewer design
capacity is capable of identifying inundation areas and offers valuable information for early ﬂood warning during typhoon. The inundation evaluation system has been tested online during typhoon
period in 2012 and will be improved continuously.
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