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ENSEMBLE FORECAST OF EXTREME STORM SURGE: 
A CASE STUDY OF 2013 TYPHOON HAIYAN
Ryota Nakamura
, Tomoya Shibayama

The object of this study is to evaluate an ensemble forecast of extreme storm surge by using a case of Typhoon Haiyan (2013) and its associated storm surge. A simple numerical model composed of ARW-WRF, FVCOM and SWAN is employed as a forecast system for storm surge. This ensemble system can successfully forecast storm surge 3-4 days before it happened. However, the typhoons in almost all ensemble members were underpredicted probably because of its difficulty in forecasting a track and central pressure of highly intense typhoon. This leads to the underestimation of a prediction of storm surges around Leyte Gulf. Compensating the underestimation of forecasted extreme storm surge, it can be important to not only examine the ensemble mean among members but also consider the phase-shifted manipulation and the worst ensemble member in the case where the extreme storm surge is forecasted. In addition, the ensemble forecast system can have a potential to determine the time at which the peak of extreme surge appears with a high precision.
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INTRODUCTION
An extreme storm surge caused by Typhoon Haiyan (2013) devastated a coastal region surrounding the Leyte Gulf (NDRRMC, 2014). Due to widespread damages among human lives and properties (detail description was in NDRRMC, 2014), there have been still discussions that Typhoon Haiyan and its storm surge may be regarded as an initial appearance of climate change (Schiermeier, 2013; Takayabu et al., 2015). In fact, IPCC AR5 (IPCC, 2013) indicates and subsequent other studies (e.g., Lin et al., 2014a; Yasuda et al., 2014) constructed a consensus that it is very likely that an extreme water level will be increased in the end of 21st Century as results of global sea level rise (high confidence) and variation of region specific projections of extreme meteorological system (low confidence). Given those possible huge storm surges exceeded what expected in near future, it can be apparently essential to build a beneficial coastal strategy against those coastal hazards.
Mainly two ways of coastal preventions have been proposed for local authorities: structural and non-structural measures. As a representative non-structural measure, a prediction of storm surge, based on numerical weather and oceanic/hydrodynamic models, has been widely attracted. Firstly, early warning services around the Gulf of Mexico and coast of Atlantic Ocean has been provided (Glahn et al., 2009) using a result of an operational ensemble forecast system composed of an empirical tropical cyclone and hydrodynamic model (SLOSH: Jelesnianski et al., 1992). More recently, an operational ensemble forecast system coupling numerical weather prediction, hydrodynamical and nearshore wave model has been recognized as a highly effective coastal non-structural measure around the coast of U.K. (Flowerdew et al., 2010; 2013). Further studies for an application of the coupled ensemble forecast system were carried out in the coast of Atlantic Ocean (Libeto et al., 2011), in Canadian coast (Berniera et al., 2014), in Venice (Mel et al., 2014). Among studies mentioned in secondly, sea surface anomalies caused by extra-tropical or tropical cyclones with the extent to which heights are beneath approximately 2 m are subjected. However, several important studies indicated that coupled numerical models have difficulty in a prediction or re-analysis for a kind of extreme storm surge which heights are over 4 m, such as Cyclone Nargis of 2008 (as mentioned by Tasnim et al., 2014) and Typhoon Haiyan of 2013 (Mori et al., 2014). Then, it should be essential to establish and examine the operational ensemble coupled forecast system, having a skill of forecasting not only the relatively small storm surges but also the categorized as extreme storm surge in order to raise the level of coastal protection for local government. 
There has been a large amount of studies to investigate the mechanism of coastal flooding induced by Typhoon Haiyan (2015). Several initial reports were compiled with measured heights for the storm surge as result of field investigation (Tajima et al., 2014; Shibayama et al., 2014; Mas et al., 2015). Furthermore, Lin et al. (2014b) indicated an existence of high sea surface temperature during Typhoon Haiyan approaching the Philippines. In addition, a unique track and low probability of Haiyan like typhoons around Philippines was mentioned by Takagi et al (2015a). Numerical simulations, which were validated with the field surveys, were carried out for investigating the mechanism of generation of the storm surge (Mori et al., 2014; Briker et al., 2014). The storm surge flooding in rural area around Tacloban city are simulated using numerical hydrodynamic model with high resolution (Takagi et al., 2015b). Furthermore, the generation mechanism of tsunami-like wave induced by the storm surge is indicated (Roeber and Briker, 2015; Shimozono et al., 2015; Soria et al., 2016). In addition, Typhoon Ty (1897) and its storm surge, which is similar with the case of Typhoon Haiyan, are numerically evaluated (Soria et al., 2016). In order to reproduce the Typhoon Haiyan and storm surge under the beginning of anthropogenic climate change (150 years ago) and future climate change, pseudo global warming method was applied for its hazards (Takayabu et al., 2015; Nakamura et al., 2016; Toyoda et al., 2016). Not only mechanism of its hazard but also vulnerability in coastal region around Leyte Gulf are investigated on the interviewing for local people (Leelawat et al., 2014; Esteban et al., 2015, 2016; Mikami et al., 2016). For examining the effect of the storm surge to shore line, the degree to which to be affected in coastal boulder was evaluated by Kennedy et al. (2016).

In this study, a one-way coupled open-source ensemble forecast system composed of ARW-WRF (Skamarock et al., 2008), an unstructured finite volume community ocean model (FVCOM: Chen et al., 2003, 2011) and Surface WAve Neashore (SWAN: Booji et al., 1999) was established with an examination of a skill of forecasting the storm surge caused by Typhoon Haiyan. This system employed Global Forecast System (GFS) 0.5 deg. data (NOAA, 2014) for an initial and boundary conditions for ARW-WRF. In detail, the authors made use of the GFS data in 12:00 4th UTC Nov. 2013 provided in NOAA online (NOAA, 2014, the GFS forecast data of 2013 was already deleted from this data base) several days before the real storm surge happened in 00:00 8th UTC Nov. 2013. The ensemble members are based on the different physical scheme. It should be noted that this paper is based on a part of the dissertation of Nakamura (2017). 
NUMERICAL SETTINGS IN MODELS

[image: image32.png]latitude

Longitude

domain 1 1.12°-19.22° 111.2°-158.8°
domain 2 6.86°-13.04° 123.0°-135.4°
domain 3 9.05°-11.83° 124.3°-130.6°
domain 4 9.77°-11.63° 124.7°-126.6°





Figure 1. Coupled system for ensemble forecast for storm surges. The parameters from SWAN to FVCOM are shown in Chen et al., (2011).

The coupled system was introduced in Figure 1. The initial and boundary conditions for ARW-WRF and FVCOM are summarized in Table 1. Wind velocities in an altitude of 10m was employed for a simulation of oceanic surface wave by the SWAN. Sea level pressure and wind velocity in an altitude of 10 m calculated by the WRF was used for driving the storm surge in FVCOM as well. For FVCOM calculation, some parameters related to oceanic waves simulated by the SWAN was used for one-way coupling between oceanic surface wave and current. The variables on the structured grids of SWAN was interpolated into unstructured meshes in the FVCOM using nearest neighbor algorithm. It should be noted that there are several previous researches indicating the high performance of coupled model composed of the WRF and FVCOM for storm surges (Chen et al., 2012; Nakamura et al., 2016). As described before, nine ensemble members are assembled from three different PBL schemes and three different MP schemes. the initial and boundary settings for the three models are presented in Table 1. The ARW-WRF and FVCOM domain are shown in Figure 2 and 3 respectively. As for SWAN simulation, structured GEBCO (Becker et al., 2008: 0.5 arc degree) data are directly used.
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Figure 2. The domains for the simulation of ARW-WRF (Nakamura, 2017). The map was created by using the NCL (The NCAR Command Language, 2016).

[image: image3]
Figure 3. Unstructured grids for the simulations of FVCOM. The frame of this figure shows domain 4 in the WRF. The location names (deg. of longitude, latitude) are in the simulation of FVCOM as following: Tacloban airport (East: 125.03016 deg., North: 11.22930 deg.), Tacloban City Hall (125.00932 deg., 11.24293 deg.), Basey (125.05151 deg., 11.26827 deg.), Santo Nino (125.53222 deg., 11.13532 deg.), Gigoso (125.51221 deg., 11.08619 deg.), Balangiga (125.38342 deg., 11.10461 deg.), Tanauan (125.03320 deg., 11.07750 deg.), Abuyog (125.01482 deg., 10.74589 deg.), Poblacion and Luan (125.03823 deg., 10.97534 deg.). 
Table 1. The initial and boundary conditions of ARW-WRF, FVCOM and SWAN.
	ARW-WRF
	FVCOM

	The start of simulation
	2013/11/04 12:00 (domain 1)
2013/11/06 00:00 (domain 2)
2013/11/06 12:00 (domain 3)
2013/11/06 12:00 (domain 4)
	The start of simulation
	2013/11/7 0:00

	
	
	The end of simulation
	2013/11/8 12:00

	
	
	Sea level pressure
	Outputs of WRF 
domain 4

	
	
	Wind velocity
	Outputs of WRF 
domain 4

	The end of simulation
	2013/11/8 12:00 (domain 1, 2, 3, 4)
	Governing equation
	Hydrostatic

	Dx, Dy 
	16470, 5490, 1830, 610 
(m, for domain 1,2,3,4)
	Turbulent model
	Mellor-Yamada 2.5 level

	Micro Physics
	WRF SM5 scheme (Hong et al., 2004)
	Topography
	GEBCO 0.5 deg. (Becker et al., 2009)
SRTM 3 (USGS, 2006)

	
	Eta scheme (NOAA, 2001)
	
	

	
	WRF SM 6 scheme (Hong and Lim, 2006)
	Mesh type
	Unstructured grids

	Planetary Boundary Layer
	YSU (Hong et al., 2006)
QNSE (Sukoriansky et al.,2005)
MYNN Level 2.5 (Nakanishi and Niino, 2006;2009)
	Mesh size
	100 m - 2000 m

	
	
	The number of meshes
	nodes: 53308, 
cells: 104748

	
	
	SWAN

	Cumulus Parameterization
	Kain–Fritsch (Kain, 2004)
	The start of simulation
	2013/11/6 12:00

	Shortwave
	RRTMG (Iacono et al., 2008)
	The end of simulation
	2013/11/8 12:00

	  Longwave
	RRTMG (Iacono et al., 2008)
	Wind velocity
	Outputs of WRF 
domain 4

	Ensemble members
	Wave dissipation model
	Komen

	　
	YSU
	QNSE
	MYNN
	Topography
	GEBCO 08 (structured)

	WSM5
	1
	2
	3
	Mesh type
	Structured grids

	Eta
	4
	5
	6
	Mesh range: 
	Lon: 124.95-126.43 
Lat: 9.75-11.20

	WSM6
	7
	8
	9
	The number of meshes
	Lon: 186, Lat: 187



A sea drag coefficient proposed by Honta and Mitsuya (1980) and the constant value over wind speed of over 30 m/s is shown in an equation (1).
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                            (1)
here, Cd is a coefficient of sea drag over ocean and Ws (m/s) is wind speed in an altitude of 10 m.
Results of the forecasted typhoons

A minimum sea level pressure (MSLP) on time series in forecasted ensemble members was evaluated with the central pressure of the best track (JMA, 2016: the best track can be recognized as the observations). At the start of the forecasting, the difference between forecasted MSLP in almost all ensemble members and the best track case was approximately 10 hPa. Forecasted time being passed, the deviation gradually become larger, reaching the maximum difference of nearly 40 hPa in the period of forecasted time of 40-50 h. This overestimation of the simulated central pressure of the forecasted may be probably due to the harsh grid size of domain 1 (approximately 16 km). Actually, the previous researches indicates that in order to reproduce the structure near the eye of the tropical cyclones it is necessary to employ the computational grid size under 1 km. In addition to the problem of domain size discussed before, it seems that it is highly difficult to numerically predict rapid development processes and strong intensities of typhoons probably because the mechanism of rapid intense of tropical cyclones has not yet been fully understood. Then, it is apparently assumed that the rapid intensification which can be seen in the best track case during the period of 20-60 time can be difficult to be predicted. After that period, the difference was gradually decreased and central pressure in some ensemble members become significantly close to the best track. This is probably because in that time the track of the typhoon proceeded in the domain 3, which is the relatively enough small size of domain to reproduce the eye of the typhoons. In this period when the simulated typhoons are most intense, there appears deviations of simulated central pressure among the ensemble typhoons. For example, the central pressure of the ensemble member built of Eta & MYNN scheme is nearly 934 hPa where that of best track is 895 hPa. On the other hand, central pressure of the ensemble member in WSM6 & QNSE schemes were 893 hPa, which agrees well with that of the best track in that time. 
 
[image: image5]
Figure 4. Comparison of central pressure between ensemble typhoons and the best track (data are from Nakamura, 2017). The “dom 1~4” indicated from which domains the values of MSLP are extracted in the case of WSM6 & MYNN. It should be noted that there is little difference (the maximum difference among the members was two hours) of the extracted domains among the nine simulated ensemble members. 

The tracks of forecasted ensemble members were roughly consistent with the best track within an error of 100 km during the period when the calculated typhoons approaching to Leyte Island (Fig. 5). Interestingly, the deviation of the track between simulated members and the best track gradually becomes smaller, the simulated typhoons are more close to the Leyte Gulf. In addition, the difference of the tracks among the ensemble members becomes smaller toward the Leyte Gulf. This tendency of the simulated tracks may be considered as the uncertainty and difficulty of forecasting the tracks of typhoons. In addition, the ensemble member which is the closest to the best track among all members is changed by the locations and times. Then, it can be said that employing the methodology of ensemble members is highly effective in order to reduce these difficulties and uncertainties of the forecasted tracks.

Additionally, the correlation between MSLP and wind velocity was evaluated with several well-known empirical equations, such as Atkinson and Holiday (1977) and Black (1992) (shown in Figure 6). It seems that the plots are located around the equations where MSLP is over approximately 925 hPa. However, where MSLP is over nearly 925 hPa, the plots are depicted under the equations, indicating the difficulty of simulating high wind velocity corresponded to relatively low central pressure of typhoon. Actually, several previous studies reported that there is a tendency to underestimate the wind velocity of tropical cyclones simulated by regional meteorological models (Knutson et al., 2006; Mori et al., 2014 and many others). Then, the problem of the underestimation can be concerned as a limitation of using regional meteorological models for forecasting typhoons and storm surges.
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Figure 5. Comparison of track and central pressure between ensemble typhoons and the best track (Nakamura, 2017). The frame of this figure shows the domain 2 of the WRF. The “dom 3 & 4” indicates the region of domain 3 and 4 of the simulation in the WRF. The location of plots indicated the area where the MSLP is located. 
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Figure 6. Maximum wind velocity in 10 m altitude vs sea level central pressure in the domain 4 (Nakamura, 2017).
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Figure 7. Wind velocities on 10 m altitude on 23:00 (left) and 01:00 UTC 7th 2013 (right) of WSM6 & QNSE case (Nakamura, 2017). This was created by using the NCL (The NCAR Command Language, 2016).

Figure 7 shows distribution of wind speed and direction on 10 m altitude during the period of the typhoon crossing over the Leyte Gulf. When the simulated typhoon approached from east-ward direction, the simulated wind direction in the Leyte Gulf is from north (left Figure 7). On the other hand, when the simulated typhoon reached on the Leyte Island, the direction of wind was rapidly changed to from south-ward (right Figure). There still are discussions that the rapid change of wind direction has a potential to cause a tsunami bore like storm surges (Shibayama et al., 2009; Roeber and Bricker, 2015; Soria et al., 2016).
Results of the forecasted storm surges

The forecasted storm surge was numerically evaluated with the measured heights by Shibayama et al. (2014) and Takagi et al. (2015a). The value of simulated storm surge height in almost all ensemble members was underestimated compared with the observations. In detail, a degree of underestimation in the locations of both middle part of the Leyte Island and coast line of Samar Island was almost 1-4 m. On the other hand, in the inner Bay of the Leyte Gulf such as in Tacloban and Basey, a degree of the underestimation was under 2-3 m. It can be said that forecasting the spatial distribution of the storm surge is totally difficult due to the uncertainties in forecasting the intense typhoons. In almost all region, the storm surge height in all location and all ensemble members was first receded to from -4 m to -1 m and then suddenly increased up to the peak because of the rapid change of the direction of the strong wind speed. This unique feature of the surges was already indicated by several previous papers (Mori et al., 2014; Takagi et al., 2015a). 

In this study, the three different evaluation methods for forecasted storm surge height are compared. The first is to calculate a mean value among the all ensemble members (hereafter, mean case). The second is to manipulate the time of peak to the average time at which the maximum storm surge happened among the all ensemble members, and took the ensemble mean (phase-shifted case). The third is to consider the worst case (member 8) as the forecasted storm surge (worst case). 

Figure 8 shows the predicted surge levels in nine representative locations mentioned in Fig. 3. In previous ensemble studies, mean value among the all ensemble members were considered to obtain the reasonable results, such as case (a). However, the value of mean surge level could be underestimated where the surge peaks were too steep. In addition to the steep peak, there is a still underestimation for forecasting the intense typhoon. Then phase-shifting was used and surge levels were averaged among ensemble members in order to accurately examine the surge level. This phase-shifting manipulation was somehow effective to obtain more realistic ensemble mean value. For example, in Tacloban airport, estimated peak surge height (3.93 m) in phase-shifted case became more close to the measured height (5.25 m) than that of mean (2.73 m). Nevertheless, the surge level in phase-shifted case was still underestimated by over 1.0 m. This is probably because there was an error in the measured height and intensities of the typhoon for all ensemble members as mentioned before, except for several cases in some locations which was not underestimated. Despite of these underestimations, peak values of some 
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Figure 8. The forecasted storm surge height on time series in (1) Tacloban airport, (2) Tacloban City Hall, (3) Basey, (4) Santo Nino, (5) Gigoso, (6) Balangiga, (7) Tanauan, (8) Abuyog and (9) Luan. 
members agree well with the measured height. Thus, we could approximately predict maximum surge levels by using worst ensemble scenarios. 


Given the time of the storm surge happened, the ensemble mean and phase-shifted method is effective to estimate the time of the storm surge happened. For example, in the Tacloban, local residents said that highest water level was observed at nearly 00:00 UTC 8th Nov. 2013. Actually, the forecasted time of the existence of peak storm surge was very close to this time in all locations. In detail, the difference of time between the simulation and observation was within approximately 1 hour in both ensemble case and phase-shifted cases. Then, it can be said that the ensemble forecasting possessed a potential to predict the time at which extreme storm surge occurs. 

Spatial distributions of the storm surge in the three cases are shown in Fig. 9. Toward the inner bay of Leyte Guld, the value of the storm surge is increase in the three cases. The storm surge was concentrated mainly in the inner part of Leyte Bay. From the result of spatial distribution of the storm surge, the worst case provided the value of the most intense storm surge among the three cases, which is the closest to the observations. Then, it can be said that it is important to not only calculate an value of the storm surge height to estimate the time when storm surge happens, but also consider the worst case for compensating the underestimation problem for forecasting the storm surges when forecasting the extreme storm surge associated with the typhoons.
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Figure 9. The spatial distribution of forecasted storm surge in ocean area in ensemble mean case (a), phase-shifted case (b) and worst case (c).
Conclusions


In this study, the ensemble forecast system coupling the three different models is established and its ability was evaluated comparing with the result of the field survey. There is still an uncertainty of employing the ensemble method for forecasting the extreme storm surge due to the underestimation of forecasting the intense tropical cyclones. Furthermore, the value of forecasted ensemble mean from the members can be underestimated in the case where the extreme storm surge occurs. Then, it is important to consider not only ensemble mean but also phase-shifting peak surge and worst ensemble member as forecasted results. On the other hand, the ensemble forecast possesses a potential to predict the time when the extreme storm surge occurred. Further improving in the intensity of the typhoon should be carried out in order to increase the accuracy of forecasted storm surge in the future studies. 
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