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1 Introduction

Flooding can cause loss of life and property, and the global flood risk is likely to
increase because of frequent extreme weather events [5, 13]. Establishing an early
flood warning system is the most cost-effective approach to reducing the impact of
flooding among all structural and non-structural measures [1, 4].

High computational costs and substantial data requirements will limit the
application of early warning systems for real time operational purposes. Efficiency
and accuracy are essential considerations for a well-developed early warning sys-
tem. Therefore, a variety of easy-to-use models and tools, such as simplified
equation-based systems, data-driven models, and rainfall threshold-based approa-
ches, have been developed to increase the operational efficiency of early warning
systems [3, 8, 14, 17].

This study used ensemble rainfall forecasts and rainfall thresholds to generate
inundation forecasts at the township level. Efficiency is particularly important for an
operational early warning system. Thus, in this study, the rainfall threshold-based
approach is successfully applied to evaluate landslide risk [11] and flood risk [3,
12]. It is a low data requirement model with high efficiency and stability, and it is
easy to maintain. The complexity of the Earth–atmosphere system and the asso-
ciated physical interactions add uncertainty to ensemble rainfall forecasts. The
accuracy of rainfall forecasting is the focus of this study. A study [9] revealed that
most numerical global models over predicted or slightly under predicted the rainfall
frequency based on various thresholds in Australia. This study used the numerical
rainfall forecasts as output data associated with multiple rainfall gauges in the
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rainfall threshold approach to decrease spatial uncertainties. Additionally, a data
assimilation technique combining numerical rainfall forecasts and real time
observations at rainfall gauges was proposed to decrease temporal uncertainties.
The remainder of this paper is organized as follows. Section 2 briefly describes the
data and the study area, including the ensemble rainfall forecasts developed in
Taiwan. Section 3 includes the details of the methods applied in this study.
Sections 4 and 5 present the results and conclusions.

2 Study Area and Data

2.1 Study Area

Pingtung County, which is located in southern Taiwan (Fig. 1), was selected as the
study area. The total area of the county is 2776 km2, and its approximate population
was 0.83 million in 2016. Agriculture and tourism are the major contributors to the
county’s economy. The county has a tropical climate and an annual rainfall of
2641 mm, which is not evenly distributed in time and space. Mountainous areas
receive more than 4000 mm of precipitation, while plain and alluvial fan areas
receive 2000–3000 mm and coastal regions receive 1000 mm. There are 33
townships in Pingtung County, and the elevation decreases from northeast to
southwest. The most densely populated townships are in western Pingtung.
Typhoons with heavy rainfall impact the county every year from June through
October and cause various disasters, such as landslides and flooding. Local sub-
sidence from groundwater overdraft increases the frequency of flooding and
worsens the associated effects on local residents.

2.2 Data

Accurate flood records, including the time of occurrence, depth, and extent of
inundation, are essential to evaluating quantitative analyses. However, data col-
lection during a flood period is challenging. For example, identifying the occur-
rence time of inundation is challenging because of the lack of in situ monitoring
devices. This study used urban inundation alerts issued by the Water Resources
Agency (WRA) as a reference for evaluation. All the counties in Taiwan plan their
emergency response measures based on the urban inundation alerts of the WRA.
During a typhoon, the WRA issues the alerts using the observed rainfall records.
The WRA updates its alerts every 10 min and uploads the information to an
open-source platform operated by the National Science and Technology Center for
Disaster Reduction [7]. The data include observed flood warning information, such
as the location and duration of the flood warning. Five typhoons that occurred in
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2016 were used in the evaluation. Table 1 and Fig. 2 show their warning periods
and observed tracks. Typhoons MERANTI and NEPARTARK directly affected
Pingtung County and caused considerable damage to the county. Typhoon AERE
did not generate damage to the county but was included in this study to evaluate the
overall performance of the proposed inundation forecasts, which include correct
inundation warnings and false alarms. Decision makers may hesitate to consider the
forecast information if a system with a high false alarm rate is used [2].

Fig. 1 Map of Pingtung
County

Table 1 Information from
five typhoons in 2016 used to
evaluate the system
performance

Name Warning period (LST)

NEPARTAK 07/06 14:30–07/09 14:30

MERANTI 09/12 23:30–09/15 11:30

MALAKAS 09/15 23:30–09/18 08:30

MEGI 09/25 23:30–09/28 17:30

AERE 10/05 11:30–10/06 14:30
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3 Methods

3.1 Ensemble Rainfall Forecasts

This study used rainfall forecasts from a precipitation ensemble forecasting
experiment, namely, the Taiwan Cooperative Precipitation Ensemble Forecast
Experiment (TAPEX). TAPEX is a collective effort among academic institutes and
government agencies, such as National Taiwan University (NTU), National Central
University (NCU), National Taiwan Normal University (NTNU), Chinese Culture
University (CCU), the Central Weather Bureau (CWB), the National Center for
High-Performance Computing (NCHC), the Taiwan Typhoon and Flood Research
Institute (TTFRI), and the National Science and Technology Center for Disaster
Reduction (NCDR). The experiment started in 2010 and was the first attempt at
designing a high-resolution numerical ensemble weather model in Taiwan. It aims
to provide 72-h typhoon precipitation forecasts and generates four runs per day at a
5 km spatial resolution. In this study, 28 ensemble members (28 numerical weather
models) were used to provide rainfall forecasts. Additional details regarding
TAPEX can be found in previous studies [6].

Fig. 2 The observed tracks
of five typhoons in 2016 used
in this study
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3.2 Rainfall Thresholds

The WRA in Taiwan develops rainfall thresholds for all townships [16]. Based on
historical flood records, the initial rainfall thresholds can be estimated by deter-
mining the cumulative rainfall amounts at nearby rain gauges when an event
occurred. The final rainfall thresholds of different townships are based on further
investigations of the local drainage capacity and local characteristics (e.g., land
subsidence) and the professional judgement of local experts. This study used the
WRA warnings records to evaluate the results of this study because local gov-
ernments and civil agencies take necessary measures, such as evacuating residents
and deploying dewatering pumps, based on the WRA warning information.
Therefore, an early warning system in Taiwan that can forecast the WRA warning
information with an extended lead time can benefit the implementation of pre-
cautionary actions. This study uses five duration periods, 1, 3, 6, 12, and 24 h, and
two levels of alerts for rainfall thresholds. The two levels of alerts are defined as
follows. For a first-level alert, if rain continues, the roads and villages subject to a
high risk of flooding in the alerted townships may flood. For a second-level alert, if
rain continues, the roads and villages subject to a high risk of flooding in the alerted
townships will flood in the next 3 h.

The WRA will issue an inundation alert if a rainfall threshold is met by the
observed rainfall. This study used forecasted rainfall to replace observed rainfall for
the rainfall thresholds of second-level alerts. Overall, 20 ensemble members were
used in this study. Each member generates a 72-h rainfall forecast during each run,
and each run requires 6 h of computational time. Therefore, four runs were per-
formed per day. Six separate periods (0–3, 0–6, 0–12, 0–24, 0–48, and 0–72 h)
were considered to evaluate the future inundation risk in each township. In any
given township, if 10 out of 20 rainfalls forecasted by members exceed the
abovementioned rainfall thresholds in the six periods, the event will be identified as
a high risk of flooding.

The complexity of the Earth–atmosphere system adds spatial and temporal
uncertainties to numerical rainfall forecasts. This study decreased the temporal
uncertainty by including real time observation data in the forecasts. Five rainfall
thresholds were compared to forecasted rainfall to evaluate the inundation risk. The
present time t in Fig. 3 is the time when a forecast is generated. However, only one
rainfall threshold, i.e., the one that covers the 1 h period, can be considered at t;
thus, forecasts are not available at t − 1 and the preceding hours. This shortcoming
results in the underestimation of inundation forecasts. Therefore, this study pro-
posed a mixed data technique that fills the gaps in rainfall forecasts with real time
observation data from t − 24 to t − 1 prior to issuing inundation forecasts at t. All
five thresholds representing different rainfall durations then can be considered at
any given hour, and alerts are issued if the combination exceeds the rainfall
threshold at any given time. For example, a 6-h rainfall threshold is considered to
evaluate the flood risk at time t + 2. The accumulated rainfall for 6-h at time t + 2 is
calculated including observations for three hours (t − 1, t − 2, t − 3) and forecasts
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for three hours (t, t + 1, t + 2). Same steps are applied to other thresholds of
different rainfall thresholds. During operation, the failure of obtaining real time
observations or forecasts may occur. This study excludes any data failure and
reviews the flood risk. A further study needs to be conducted to study the impact to
the system performance due to the failure of data communication.

4 Results

Table 2 is a contingency table that many studies have used to evaluate forecasting
performance [10, 19]. This study applied two performance measures to evaluate
performance: the accuracy rate (ACC) and threat score (TS). The definitions of
these measures are as follows:

ACC ¼ HitþNo event
HitþMissþ False alarmþNo event

; ð1Þ

Fig. 3 This study issues an inundation alert when forecasted rainfall meets or exceeds any given
rainfall thresholds (top) and the alert is evaluated using a combination of observed records and
forecasted results (bottom) [18]

Table 2 Contingency table
used for performance
evaluation

Observed Not observed

Forecasted Hit False alarm

Not forecasted Miss No event
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TS ¼ Hit
HitþMissþ False alarm

; ð2Þ

where hits and miss were determined based on whether the forecasts were con-
sistent with the observations. A false alarm was associated with a forecast that did
not correlate with observed data. “No event” was assigned when neither the
observation nor the forecast indicated flooding. TS ranges from 0 to 1 and is also
known as the critical success index (CSI), which generally results in low scores for
rare events. The accuracy rate (ACC) of the model, which is shown in Eq. (1), is
also called the proportion of correct forecasts [15]. This metric is simple and
intuitive, and it served as a valuable reference in this study. Figure 4 shows the TS
performance in different periods. Typhoon AERE has no results plotted in Fig. 4
since no alarms were issued from the observations or forecasts. The TS perfor-
mance without multiple gauges or observations cannot be calculated during all
periods. The results show that the performance significantly improved when alerts
were issued based on the improved method. Table 3 shows that the ACC perfor-
mance improved when multiple rainfall gauges and real time observations were
considered. There is one exception which is Typhoon MERANTI. A further study
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Fig. 4 Comparison of TS
performance in various time
periods when most flood
alarms were issued

Table 3 Difference in ACC performance with (ACC**) and without (ACC*) multiple gauges and
observations

ACC** − ACC* 0–3 0–6 0–12 0–24 0–48 0–72

NEPARTAK 0.12 0.12 0.15 0.15 0.15 0.15

MERANTI 0.12 −0.04 −0.04 −0.04 −0.04 −0.04

MALAKAS 0.03 0.03 0.03 0.03 0.03 0.03

MEGI 0.03 0.03 0.06 0.06 0.06 0.06

AERE – – – – – –
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regarding why the performance of MERANTI was not improved needs to be
conducted in the future. In conclusion, the addition of multiple rainfall gauges and
observations decreased the spatiotemporal uncertainties and improved the fore-
casting performance.

5 Conclusions

This study proposed an early inundation warning system that integrates ensemble
rainfall forecasts and rainfall thresholds. Five rainfall thresholds with different
durations were applied. Five typhoons in 2016 and real inundation alert records
issued by the WRA were used to evaluate the performance of the method proposed
in this study. Real time observations and multiple rainfall gauges were applied to
decrease the temporal and spatial uncertainties associated with numerical rainfall
forecasts. The results showed that the proposed method had a high TS score, which
is associated with a higher inundation alert detection rate. Numerical weather
predictions were the dominant input that influenced the forecast results. The per-
formance of the system varied according to the different typhoons tested. This study
developed a data assimilation technique that combined real time observations and
forecasted rainfalls to decrease the temporal uncertainty of numerical weather
prediction and to improve inundation forecasting. This technique improved the
appeal of the early warning system and generated valuable forecasts that allow
decision makers to make better choices under various conditions. To further
decrease the spatial uncertainty of numerical weather prediction, this study used
rainfall forecasts as output data associated with multiple rainfall gauges. The TS
score improved when additional gauges and observations were used in comparison
with the results from only using one gauge. Decision makers use forecasted rainfall
and threshold-based early warning systems for a high-level overview of the flood
risk. Given its advantage, including an extended lead time and rapid estimation
process, the model presented here is beneficial for emergency deployment and
planning in large areas prior to flooding. However, the proposed approach only can
provide high-level information instead of detailed forecasts. The system is devel-
oped for a rapid review of flood risk at county level based on a threshold concept.
The threshold values of a county are needed to update periodically according to
most current on site conditions.
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