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Abstract The unusual statistical characteristics of Typhoon Haiyan were investigated

using the JTWC best track data from 1945 to 2013, particularly focusing on tropical

cyclones making landfall in the Philippines. Haiyan generated the strongest winds among a

collection of over 400 past storms, which was 16 % greater than the second strongest

typhoon on record (Typhoon Zeb in 1998). The forward speed of Haiyan was nearly twice

as fast as the average speed of these weather systems and could be the fastest typhoon on

record. Thus, Haiyan can be characterized as both the fastest moving and strongest typhoon

measured in the area. The return period for a Haiyan-class typhoon to make landfall was

estimated to be 200 years. A statistical analysis also indicated that the number of tropical

cyclone making landfall around Leyte Island in the Philippines—the area most severely

damaged by Haiyan—has been steadily increasing over the past 7 decades. Analysis of sea

surface temperature (SST) indicates that both Haiyan and Zeb occurred during seasons that

were characterized by remarkably warm SSTs over the seas surrounding the Philippines.

Keywords Typhoon Haiyan (Yolanda) � Tropical cyclone landfalls � Philippines � Return

period � Forward speed � Storm surge

1 Introduction

Typhoon Haiyan (or Yolanda, its local name) struck the Philippines on November 8, 2013,

causing enormous damage to Leyte, Samar, and many other islands. A total of 6245

individuals were reported dead, 28,626 injured, and 1039 are still missing (NDRRMC, as

of 6 March 2014). Haiyan was one of the strongest typhoons known to have ever made
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landfall, not only in the Philippines but in the entire Western North Pacific. Its intensity

was among the highest ever observed for tropical cyclones globally (Lin et al. 2014). The

forward speed of the typhoon, reaching around 41 km/h at landfall, was also unusual

among other events of comparable intensity during the past 6 decades in the Western North

Pacific (Takagi et al. 2014, 2015).

As a result of its strong intensity, the typhoon caused a massive storm surge in many

islands in the Philippines. A maximum inundation height of 7 m was observed in Tacloban

City in Leyte Island, where the largest number of casualties took place (Takagi et al. 2014).

Maximum hindcast significant wave heights during the storm reached up to 19 m off

Eastern Samar, though they decreased to less than 5 m in Leyte Gulf near Tacloban

(Bricker et al. 2014). The storm also brought about heavy precipitation that reached up to

615 mm between November 3 and 12, over the entire Philippines (Nguyen et al. 2014a).

Haiyan, although very similar in size to Hurricane Katrina in 2005, had deeper convective

clouds, so held more precipitable water (Galvin 2014).

The Philippines sits in what has been called the ‘‘Tornado Alley’’ of tropical cyclones

(TCs)—the annual TC landfall numbers in the Philippines varied from 3.6 to 6.0 in the

period between 1902 and 2005 (Kubota and Chan 2009), while the annual average number

was considered to be 6.5 TCs per year between 1970 and 1989 (Shoemaker 1991), showing

some discrepancy. The average TC’s wind speed of typhoons just before making landfall in

the Philippines was 66.9 knots, with a standard deviation of 34.4 knots (Shoemaker 1991).

Garcia-Herrera et al. (2007) examined the chronology of TCs around the Philippines, as

documented by Spanish Jesuits, and highlight how a total of 652 TC events happened

during the period 1566–1900, indicating the long experience of this country with such

weather events.

In the present paper, the authors examine the uniqueness of this typhoon in terms of its

track and intensity, compared with records of past typhoons. Particularly, the focus will be

placed on the statistics of TC landfalls in the Philippines as the weather system’s intensity

at this time is the most critical factor for the generation of storm surges. The statistics

clearly demonstrate the extraordinary features of Haiyan, which help to explain the high

mortality rates that resulted as consequence of the extremely strong gusts and subsequent

storm surge. The present paper also estimates the reoccurrence landfall return period of a

strong typhoon with an intensity equivalent to that Haiyan.

2 Tropical cyclone landfalls and their intensities between 1945 and 2013

Takagi et al. (2014) analyzed past typhoon tracks in the Western North Pacific (WNP) to

verify how Haiyan was historically unusual, in terms of both its intensity and path. To

extend this research, the present paper specifically focuses on the statistics of TC landfalls

in the Philippines between 1945 and 2013 using the so-called Best Track Data, obtained

from the Joint Typhoon Warning Center (JTWC). The data consist of time, central posi-

tion, and the maximum sustained wind speed (hereinafter simply referred to as ‘‘wind

speed’’) in knots every 6 h.

The authors developed a FORTRAN code which can detect the approximate landfall

point at which a TC track intersects a coastline from Global Self-consistent, Hierar-

chical, High-resolution Shoreline Database (GSHHS) provided by University of Hawaii

and NOAA. TC intensities at the time of landfall can be also estimated by interpolating

Best Track Data points from shortly before and after landfalls. As TCs generally reach
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their peak in intensity prior to landfall (Shoemaker 1991; Scheitlin and Elsner 2009),

this interpolation process is expected to improve the estimation of the intensity at this

point.

Figure 1a shows TC landfall points along the Eastern coasts of four major islands

(Luzon, Samar, Leyte, and Mindanao) in the Philippines. There were a total of 406

landfalls between 1945 and 2013, an average of 5.9 times per year. The wind speed

distribution at landfall is shown in Fig. 1b. From this figure, it is obvious that the wind

speeds of Haiyan at the time of landfall (165.8 knots) were the strongest recorded in the

Philippines, 16 % stronger than the second strongest event on record (142.7 knots in 1998

during Typhoon Zeb, known in the Philippines as Iliang).

The landfall frequency is shown in Fig. 1c, from which it is possible to attempt to

observe both short and decadal trends at different latitudes. The figure presents trends for

every 2-degree latitude interval from (a) 18�N to (f) 6�N. It appears that the annual

frequency varies significantly from year to year, which clearly demonstrates the irregular

nature of TCs. The average landfall frequency for each latitude zone is (a) 1.57 times

(standard deviation is 1.24), (b) 1.30 times (1.14), (c) 0.87 times (1.08), (d) 1.03 times

(1.03), (e) 0.57 times (0.79), and (f) 0.14 times (0.39), respectively.

The overall trends between 1945 and 2013 were estimated by a linear regression

analysis. A test to detect any linear trends was carried out using the statistical method

ANOVA (Analysis of Variance), which can determine whether each line shows a signif-

icant increasing or decreasing trend. According to the results obtained, it was found that

only the latitude range (d) 10�N–12�N, which encompasses Leyte Island, shows a sig-

nificant increase in TC landfall. In this area, typhoon frequencies appear to have increased

Fig. 1 a TC landfall points along the Eastern coasts of four major islands in the Philippines. b Wind speeds
(1-min maximum sustained wind speeds) at landfalls, and c the frequency of TC landfalls between 1945 and
2013 for each two-degree latitude zones
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by around ?0.02 times per year (at the 95 % confidence level), while other lines do not

show any particular upward or downward trends.

3 TC forward speeds at the time of landfall

A TC’s forward speed is a significant parameter which has been overlooked in previous

studies (Rego and Li 2009). It is important to note how a moving pressure with a storm can

generate long waves that propagate ahead of the storm and cause an initial setup along the

coast. This occurs when the forward speed of the storm is close to the celerity of a shallow

water wave for the depth over which the storm is traveling (Sorensen 1997).

Figure 2 indicates the relationship between wind speeds and forward speeds for the

strongest 67 TCs among the 406 TCs which made landfall in the Philippines between 1945

and 2013. The forward speed of each event was calculated using the geographical positions

of the weather system immediately before and after landfall. From the figure, it is clear that

these two parameters do not particularly show any positive or negative correlation to each

other (correlation coefficient R = -0.017).

In fact, the forward speed of Haiyan at the time of landfall, 41 km/h on average with a

standard deviation of 7.3 km/h, is nearly twice as fast as the average speed of TCs,

22.6 km/h, and ranked top among all TCs. Therefore, Haiyan could be considered the

fastest typhoon in addition to having the strongest intensity on record. If assuming wind

speeds and forward speeds are independent of each other, the yearly chance that any given

typhoon could become the fastest typhoon as well as strongest typhoon simultaneously can

be estimated to be 1/4489, which clearly demonstrates one of unusual characteristics of

Haiyan.

Fig. 2 Relationship between wind speeds and forward speeds for the strong 67 among 406 TCs which made
landfall in the Philippines between 1945 and 2013
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4 Reoccurrence interval of a Haiyan-class typhoon

High wind speeds due to typhoons pose a threat to the stability of structures and can bring

significant storm surges to coastal communities. An accurate estimation of the probability

of occurrence of extreme wind speeds is important to improve disaster management in a

given area. Such estimates are commonly expressed in terms of the quantile value XT, i.e.,

the maximum wind speed which is exceeded, on average, once every T years, the return

period value (Palutikof et al. 1999). The Weibull probability density function is a good

model for wind speed distributions (Hennessey 1977). A Weibull probability density

function (pdf) distribution can be calculated as follows,

f ðxÞ ¼ a
b

x

b

� �a�1

exp � x

b

� �a� �
x[ 0 ð1Þ

where a is referred to as the shape parameter and b as the scale parameter. In the present

research, the maximum likelihood method was applied to estimate these parameters from

the JTWC best track data between 1945 and 2013.

Figure 3 indicates the total number of annual maximum wind speeds events (a total of

69 typhoons, one for each year between 1945 and 2013, including Haiyan) that fall into

each 20-knot interval along with the corresponding best-fitted Weibull distribution

expressed by Eq 1. The Anderson–Darling (A–D) test (Stephens 1974) can be used to test

whether a sample of data comes from a population with a specific distribution. Many

researchers prefer to use the A–D test as it gives more weight to the tails than the Kol-

mogorov–Smirnov (K–S) test (Palutikof et al. 1999). The p value is calculated to be 0.870,

and this indicates that the annual maximum wind data can indeed be modeled as a Weibull

distribution with the parameters obtained.

Typically estimates of the 50-year wind speed return period require 10–20 years of

observations (Palutikof et al. 1999). Therefore, the present analysis, based on 7 decades of

data, would appear to be a reasonably long observation sample. However, it should be

noted that a sample of extreme wind data exhibits a large variability. Therefore, the return

values estimated with best-fitted distribution functions can vary considerably around the

true values of population (Goda 2000).

The cumulative probability of the Weibull distribution can be calculated as follows,

Fig. 3 Total counts of annual
maximum wind speeds between
1945 and 2013 along with the
corresponding best-fitted Weibull
distribution. The wind speed of
Haiyan was estimated to be 165.8
knots at the time of landfall
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FðxÞ ¼ 1 � exp � x

b

� �a� �
x[ 0 ð2Þ

For the quantile XT with return period T, the return period is given by

T ¼ 1=f1 � FðXTÞg. In Fig. 4, the relationship between return periods and wind speeds is

drawn, as well as the two strongest typhoons ever to make made landfall the Philippines,

namely 2013 Haiyan and 1998 Zeb. The return period of Haiyan was calculated to be

200 years, while that of 1998 Zeb is 19 years.

The methodologies introduced in this section are also applicable to examine the

uniqueness of the other characteristics of TCs, such as the forward speed. The forward

speed of Haiyan, which was as fast as 41 km/h, was estimated to have a 188-year return

period, with the parameters of Eqs. (1) and (2) set to be a = 3.367 and b = 25.074.

5 Sea surface temperature and Haiyan

It has long been recognized that sea surface temperatures (SSTs) play an important role in

the intensification of TCs. However, the SST is not always a good indicator of whether an

individual TC will intensify (Demaria and Kaplan 1993). The most intense storms occur

over regions with the warmest SST; however, the presence of warm water is not a sufficient

condition for intensification (Merrill 1987). Pun et al. (2013) suggest that the subsurface

conditions in the WNP have become more favorable for typhoon intensification, though the

SSTs have varied little over the last two decades.

The authors examined the trend of the SSTs over the past 7 decades around the

Philippines to identify its implications on the generation of Typhoon Haiyan. The Extended

Reconstructed Sea Surface Temperature (ERSST) v3b, which is a global monthly sea

surface temperature analysis developed by NOAA, was used for this purpose. The monthly

average SST data within the ocean basin from 6�N to 18�N and from 120�E to 140�E were

Fig. 4 Relationship between return periods and wind speeds derived from extreme value analysis using a
Weibull distribution. The return period of Haiyan is estimated to be 200 years, while that of typhoon Zeb in
1998 is 19 years
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extracted and processed to obtain an average temperature during the typhoon season in

WNP (July–November). Figure 5 presents the SST distribution of the typhoon season of

2013 (the year in which Haiyan occurred), demonstrating how warm pool of water

exceeding 29 �C developed over an extensive area of the basin, which can be considered to

be an ideal situation to fuel energy to the storm. It is remarkable that the warmer surface

extends westward in a tongue shape that touches Leyte Gulf, fitting very well with the

actual course of Haiyan.

Figure 6 suggests that the SSTs around the Philippines have been increasing, particu-

larly over the past two decades. It is also interesting to note that stronger typhoons tended

to occur during recent warmer temperature years, which can be corroborated by the fact

that 8 out of 10 strongest typhoons which made landfall on the Philippines in the last seven

decades occurred in the last three decades, which showed relatively warmer SSTs. Figure 7

demonstrates that the SST in the year 2013 was remarkably high, reaching up to 29.6 �C,

which was ranked in the 97th percentile in the period between 1945 and 2013. The second

most powerful typhoon, Zeb in 1998, occurred during the warmest SST period in the last 7

decades. Although high SSTs appears not to be only factor that governs TC intensities, it is

clear that warmer sea surfaces provide more thermodynamic energy to the atmosphere and

allow for the generation or more intense TCs such as Haiyan and Zeb.

6 Discussion

Compared to other past typhoons in the WNP, the path which Haiyan took was almost the

lowest in latitude among similar intensity events, starting around 6�N, where relatively few

typhoons take place (Takagi et al. 2014). However, the number of TCs which made

landfall in Leyte Island (as Haiyan did) was calculated to be once a year on average, which

is more frequent than in the southern island of Mindanao, which typically experiences

Fig. 5 SST over the ocean basin around the Philippines during the typhoon season of 2013, demonstrating
that a warm pool extensively developed
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typhoons only once every 2–7 years. Interestingly, as discussed previously, Haiyan struck

the coast between latitudes 10�N–12�N, where the frequency of TC has been increasing in

the past decades by around ?0.02 times per year. Liu et al. (2009) indicate that the position

of the Inter-Tropical Convergence Zone (ITCZ) shifted southwards in latitude between

1949 and 2005. While this could have contributed to a decrease in TC numbers over the

WNP (Liu et al. 2009), it could be possible that it has helped to increase numbers in a

relatively lower latitude zone within the WNP, such as Leyte and Samar Islands. Because

Fig. 6 Average SSTs of the typhoon season around the Philippines from 1945 to 2013. The contour was
drawn by taking an average of the ERSST data within the basin from 120�E to 140�E. The triangular
symbols specify the locations and years of the 10 strongest typhoons at the time of their landfalls, including
Typhoon Haiyan in 2013 and Zeb in 1998

Fig. 7 Relation between wind speeds and SSTs of the typhoon season from 1945 to 2013, demonstrating
that two strongest typhoons occurred during seasons of remarkably warm SSTs
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over 85 % of all TCs form within or just on the poleward side of the ITCZ (Gray 1975), the

shift of the ITCZ southwards could cause an increase in TC numbers in a lower latitude

basin. However, further studies would need to be conducted to corroborate this hypothesis.

One of the most unusual characteristics of Haiyan is that it was found to be the fastest

typhoon in addition to the strongest typhoon in the past 7 decades. Apart from its statistical

unusualness, this is very important from the point of view of disaster management. For

example, local authorities in charge of disaster prevention need to prepare for a typhoon

and warn inhabitants to evacuate. However, for the case a typhoon approaching at a very

fast speed the time available for preparation would be reduced, and it appears necessary for

disaster risk managers to factor into their plans contingencies for fast moving typhoons.

It should be also noted that the peak storm surge occurs before landfall with slower

moving storms, while it occurs after landfall for faster moving storms (Jelesnianski 1972).

Haiyan approached very quickly with a forward speed of 41 km/h toward Leyte.

According to rainfall intensity detected by the Doppler radar system in Cebu Island

(PAGASA 2013), the typhoon’s center was positioned more than 50 km west to Tacloban

when the storm surge was highest in Tacloban. In fact, a movie taken during the passage of

Haiyan (iCyclone 2013) shows very strong wind around 7:00 A.M., when the typhoon

made landfall at Tolosa in Leyte Island (about 20 km south from Tacloban), though

extensive flood did not yet occur at that time. These observations corroborate that the peak

storm surge indeed took place after landfall for the case of this fast moving storm, as do

numerical simulations which shows that the peak storm surge occurred around 8:00–8:30

A.M. on November 8, 2013 in Tacloban (Takagi et al. 2014).

The discrepancy between the times when the peak wind and storm surge take place is

expected to cause some difficulty for late evacuees since people would hesitate to leave

their houses when there is extremely strong wind and heavy rain outside. Furthermore,

Rego and Li (2009) demonstrated by a numerical experiment for Hurricane Rita that

increasing forward speed increases peak surge heights while decreasing the inland volume

of flood. Therefore, it is possible that the storm surge was substantially more pronounced

due to the fast speed of Haiyan, which exacerbated the damage to coastal communities. All

these issues help to explain the high mortality due to this event, which clearly surprised

local residents, despite their frequent experiences with typhoons (Esteban et al. 2015).

The return period of a typhoon with a similar intensity to that of Haiyan was estimated

to be 200 years, which is far less frequent when compared to the second strongest typhoon,

Zeb in 1998, with a return period of 19 years. This arguably demonstrates the rarity of

Haiyan compared with other TCs in the past 7 decades. Though the probability of reoc-

currence of a typhoon of similar intensity would appear small, it should be recognized that

a large magnitude of variability exists. In this study, the Weibull distribution was used to

estimate the return periods. However, the adoption of the other fitting curves such as

generalized extreme value distribution (GEV) would result in different return periods.

Jagger and Elsner (2006) estimated the 100- and 500-year wind speeds for the entire US

coast to be 157 and 168 knots, respectively, assuming a generalized Pareto distribution

(GPD). Despite the difference in the distributions applied, it is interesting to note that the

estimated 200-year wind speed for the entire coast of the Philippines in this study seems to

be comparable with those estimations in the US. Therefore, engineers or planners in

change of disaster management should keep in mind such uncertainties of predicted wind

speed in order not to overlook the recurrence of an extremely strong typhoon in the not too

distant future.

In fact, a news story posted in The Evening World (1912) reported a typhoon on

November 25, 1912, where ‘‘fifteen thousand persons were probably killed and injured in a
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typhoon that swept the Philippine Islands … The typhoon swept the Visayas Islands and is

said to have practically destroyed Tacloban’’. Algue (1897) also presents a number of

photographs that demonstrate the devastations of several coastal towns in Leyte and Samar

including Tacloban (Fig. 8) due to strong winds and possibly a storm surge in October 12,

1897. The course of this typhoon seems to be quite similar with the one Haiyan took. If

these typhoons had a similar intensity with that of Haiyan, it could be concluded that the

return period could actually be just one century or even less.

The relationship between TCs and climate can be subtle. Differences in the spatial and

temporal scales are large (Elsner and Jagger 2013). Furthermore, long-term changes in

trends due to climate change or other unforeseeable influences could alter patterns of

frequency, track, and intensity of future TCs. In terms of intensity, some increase in the

mean maximum wind speed of TCs is likely (?2 to ?11 % globally) due to projected

twenty-first century global warming, although increases may not take place in all tropical

regions (Knutson et al. 2010). However, it is interesting to note that in terms of frequency

warmer surface sea temperatures in the WNP may even lead to fewer TCs, that is, as

warmer surface sea temperatures do not definitely lead to an increase in TC numbers (Liu

et al. 2009). The analysis by Weinkle et al. (2012) also does not indicate significant long-

period global or individual basin trends in the frequency or intensity of landfalling TCs. At

present, the randomness inherent in natural weather and typhoon generation conditions can

be considered to be more important than climate change from the point of view of disaster

risk management (Nguyen et al. 2014b).

In contrast to tropical cyclone numbers, the theory governing tropical cyclone inten-

sities appears to have a firmer foundation (Walsh et al. 2009). In this sense, the theory of

Fig. 8 Devastation caused by the 1897 typhoon which struck Leyte Island (Algue 1897)
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TC maximum potential intensity (MPI) could be used to define the maximum intensity that

a TC may achieve for a given atmospheric and oceanic thermal structure. The most widely

recognized investigations on MPI are those of Emanuel (1988) and Holland (1997).

Although considerations based on the MPI should be useful when discussing climate

change and TCs around the Philippines, it is outside of the scope of the present study.

7 Conclusions

Typhoon Haiyan, which devastated Leyte, Samar, and other islands of the Philippines on

November 8, 2013, could be the deadliest and most expensive natural disaster in the history

of the country. The present paper investigated the unusual characteristics of Haiyan based

on a statistical analysis using JTWC best track data from 1945 to 2013. Particularly, the

focus was placed on the statistics of TC landfalls in the Philippines. The wind speed at the

time of landfall (165.8 knots) was found to be the strongest among 406 TCs in the last

seven decades, 16 % faster than the second strongest typhoon (142.7 knots during Typhoon

Zeb in 1998) in this period. A significant increase in TC landfall frequency (?0.02 times

per year) in recent decades was found in the latitude zone between 10�N and 12�N, which

encompasses Leyte Island.

The forward speed of Haiyan at the time of landfall, 41 km/h, was nearly twice as fast

as the average speed of TCs. Haiyan could be considered the fastest typhoon in addition to

the strongest intensity on record. A Weibull distribution was applied to estimate that the

reoccurrence interval of a typhoon with a similar intensity to that of Haiyan is 200 years,

which appears to be low compared to the second strongest typhoon on record (Zeb in

1998), which had a return period of 19 years.

The relationship between SST and TC occurrence was also investigated, with the results

showing that the two strongest typhoons in recent times, Haiyan and Zeb, both occurred in

seasons with remarkably warm SSTs.

The findings of the present research are expected to be used as important source of

information by disaster risk managers in the design of structures against high winds or

storm surges and in the elaboration of evacuation plans. Such considerations are clearly

very important for the improvement of the resilience of coastal communities against TCs

and could be considered as a ‘‘no-regrets’’ adaptation strategy against climate change, as

regardless of whether TCs intensify or not it is clear that countries like the Philippines are

still ill-prepared against present day disasters.
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