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ABSTRACT

The tropical cyclone (TC) intensity forecast from the Weighted Analog Intensi-
ty Prediction (WAIP) was evaluated using 63 Philippine TC cases from 2014 to 2017 
to determine its applicability as baseline intensity forecast guidance of the Philippine 
Atmospheric, Geophysical and Astronomical Services Administration (PAGASA). 
The method generates a rank-weighted average of intensity evolutions of 10 histori-
cal analogs from the 1945 to 2014 Joint Typhoon Warning Center best tracks that 
closely resemble the PAGASA official forecast track and initial intensity at the time 
the forecast is generated. WAIP proved to be more skillful in providing intensity 
forecast at 12 to 96 h and less skillful at 120 h relative to persistence. Verification 
revealed that WAIP had significantly smaller mean absolute error and consistently 
smaller intensity biases up to 96 h. However, the small sample size at 96 h due to 
the limitations in the extent of the observed track and reference track forecast from 
PAGASA suggests that the result may not fully represent the model performance 
within the Philippine Area of Responsibility at 96 h. The probability distribution of 
intensities at 36, 72, and 96 h predicted by the model showed that the statistical model 
may not fully capture the full range of the observed intensities or the extreme values, 
with the model struggling to predict lower range of intensity values with increasing 
forecast intervals. Three TC cases are presented to emphasize the model dependence 
on the accuracy of the reference track forecast and the number and representativeness 
of available historical analogs for a particular forecast scenario.
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1. INTRODUCTION

The provision of the official five-day tropical cyclone 
(TC) intensity forecast is made possible by significant ad-
vances in statistical, dynamical, and statistical-dynamical 
TC intensity forecast guidance products over the years (De-
Maria et al. 2014). One of the factors that resulted in the 
improved intensity forecast guidance is the improvement 
in the track forecast guidance because intensity change 
is dependent on the environment which a TC is expected 
to move. For instance, intensity evolution is different for 
westward moving TCs over warm oceans and low verti-

cal wind shear than for TCs with a recurving track moving 
towards colder oceans and high-shear environment of the 
midlatitude region. Furthermore, the timing and location of 
landfall are both critical in intensity prediction (Tsai and 
Elsberry 2015a).

Situated in the Western North Pacific (WNP) basin, 
which is the most climatologically active TC basin (Maue 
2011) and with the highest frequency of landfalling TCs 
(Weinkle et al. 2012), the Philippines remains one of the 
countries that are most susceptible to natural disasters 
(Kirch et al. 2017). While the state weather bureau Philip-
pine Atmospheric, Geophysical and Astronomical Services 
Administration (PAGASA) provides intensity forecast in 
terms of TC category (i.e., Tropical Storm, Typhoon, etc.), 
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intensity forecast for TCs within its area of responsibility 
in terms of either central pressure or maximum sustained 
winds is presently not issued. However, with other models 
and tools relying on accurate intensity forecast, the state 
weather bureau is planning to introduce a 5-day quantitative 
TC intensity forecast. To accomplish this, PAGASA me-
teorologists need to have access to various intensity guid-
ance models whether statistical, dynamical, statistical-dy-
namical, or ensemble. Tsai and Elsberry (2014) developed a 
five-day weighted analog intensity technique for WNP TCs 
known as Weighted Analog Intensity Prediction (WAIP). 
Based on the “situation-dependent” intensity skill metric 
(SDIP) for WNP TCs (Elsberry and Tsai 2014), historical 
analogs with similar tracks and initial intensities as the TC 
of interest were derived from the best track dataset of the 
Joint Typhoon Warning Center (JTWC) from 1945 to 2009 
with the premise that the TC track is the primary determi-
nant of the intensity on a five-day timescale or longer. The 
technique generates an intensity forecast from the weighted 
average of the intensity evolutions of the 10 historical ana-
logs that closely match a reference track forecast and initial 
intensity of the TC of interest provided by the end user of 
WAIP which is usually a TC warning center. In the formu-
lation of the intensity forecast, a linearly increasing weight-
ing factor is used in calculating the average track difference 
with the 72-h to 120-h portion of the track having twice as 
much weight as the 0-h to 72-h portion to give higher rank-
ings to historical analogs with similar timings and position 
of landfall or recurvature. In addition to intensity forecast, a 
corresponding weighted intensity spread at each 12-h inter-
val among the 10 analogs is also provided.

Unlike dynamical model guidance and statistical-
dynamical techniques that reflect the intensity evolution 
along the track forecast of the numerical weather predic-
tion (NWP) models, which may or may not be similar to the 
reference track forecast, WAIP provides the forecaster an 
intensity forecast that represents the track forecast of the TC 
warning center. Moreover, compared to dynamical and sta-
tistical-dynamical models, WAIP can be locally and quickly 
run using significantly lower computation resources such 
as desktop workstations. Lastly, the usability of the model 
and the information it provides can be extended further. For 
instance, like the approach of Tsai and Chen (2010), the 
WAIP can be used to determine the representative analogs 
of a particular official track forecast. The corresponding ob-
served rainfall over the Philippines during the passage of 
these analogs can be extracted and used to provide infor-
mation on the potential rainfall associated with the official 
track forecast of an approaching TC.

The performance of WAIP against both official JTWC 
forecast (Tsai and Elsberry 2014) and several numerical 
model guidance (Tsai and Elsberry 2016) makes the tech-
nique a viable intensity forecast guidance for operational 
use. Since then, a seven-day version (Tsai and Elsberry 

2015a) has been developed as the JTWC explored the possi-
bility of extending their TC forecast up to seven days, among 
other developments (Tsai and Elsberry 2015b, 2017a, 2018, 
2019). In addition, the algorithm has also been applied to 
the Atlantic basin and was found to be a feasible guidance 
for seven-day intensity forecasts that would improve the 
intensity forecasts of the National Hurricane Center at 4-5-
day intervals (Tsai and Elsberry 2015b, 2017b).

The advantages mentioned in this study suggest the po-
tential applicability of WAIP as an intensity guidance mod-
el in the Philippines, especially as a baseline forecast guid-
ance. However, to increase the confidence of forecasters 
in using the intensity forecasts of WAIP in an operational 
setting, it is imperative that operational meteorologists need 
to have an understanding on the forecast performance and 
limitations of the model when applied within PAGASA’s 
forecast area. Furthermore, the usage of tropical cyclone 
datasets that follow 1-minute wind averaging in the devel-
opment, bias correction, and independent testing of WAIP 
means that the intensity guidance needs to be evaluated if 
used operationally in warning centers such as PAGASA that 
utilize 10-minute wind averaging times.

This study aims to provide a preliminary insight on the 
performance of the seven-day version of WAIP model in 
providing intensity forecasts for TCs within the Philippine 
Area of Responsibility (PAR) under a 10-minute wind av-
eraging setup. The next section briefly describes the model 
and methodology employed for the forecast verification. 
Section 3 presents the results of the verification, selected 
TC cases, and related discussions. The summary of the 
study and concluding remarks are given in section 4.

2. DATA AND METHODS
2.1 Model Development and Information

The WAIP (Tsai and Elsberry 2014) is an analog mod-
el that provides a 5-day forecast intensity guidance based 
on the reference track forecast of the end user. The model 
matches the reference track forecast with ten historical ana-
logs from the 1945 - 2009 best track dataset of the JTWC 
for the WNP basin that closely resembles the reference track 
forecast and the initial intensity of the TC being forecast 
(target TC). The intensity forecast of the model is derived 
from the intensity evolutions of the selected analogs.

Chosen from the JTWC best track dataset, the candi-
date analogs that occurred within ±30 days of the current 
date are ranked based on the average track difference dT  be-
tween the target TC and the candidate analog (unit: degrees) 
and the difference in the initial intensity dV of the target TC 
and the candidate analog (unit: knots). The average track 
difference between the forecast positions from the reference 
track forecast of the target TC at time t and the correspond-
ing best track positions in the candidate analog TC is calcu-
lated with a linearly varying weighting factor of 1.0 at initial 
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time to 2.0 at 72 h and a constant weighting factor of 2.0 
at the 72 to 120 h interval. Tsai and Elsberry (2014) noted 
that the higher weighting factor at 72 to 120 h period was 
introduced in WAIP to give higher rankings to analog tracks 
with similar landfall or recurvature positions and timings.

The analogs are ranked in ascending order according to 
d T (RankT) and dV (Rank V). The final ranking of the candi-
date analogs is determined according to

Rankanalog = WT(RankT) + WV(RankV) (1)

where the weighting factors WT and WV are relative weight-
ing factors for the track-based ranking and initial intensity-
based ranking. In Tsai and Elsberry (2014), WT and WV 
are pegged at 0.8 and 0.2, respectively. Of the candidate 
analogs, the selection is limited to 10 analogs because the 
selection of larger number of analogs may be difficult when 
the ranking is based on the similarity to the reference track 
forecast, initial intensity difference, and occurrence within 
±30 days. The weighted mean intensity forecast Vw at each 
time t is calculated using
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where Vi is the intensity of the i -th track analog and 
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i 1= =^ ^h h/ . The  weighting factor w i allows 

the model to give greater weight to those analogs that most 
closely match the reference track forecast. The resulting in-
tensity forecast is provided in 12-h intervals up to 120 h. In 
the five-day WAIP, a training dataset using JTWC official 
forecasts from 2010 to 2012 season was used to perform 
bias correction to the raw intensity forecast of the model. 
The bias correction is applied to the raw intensity forecast 
to come up with a final intensity forecast.

Tsai and Elsberry (2015a) extended the intensity guid-
ance from five days to seven days as JTWC explored the ca-
pability of issuing seven-day track forecasts for WNP TCs. 
The extended version of WAIP shares the same setup as the 
five-day version except that a development sample from the 
2000 - 2009 season was used for intensity bias correction. 
Independent samples from the 2010 - 2014 season revealed 
that the intensity mean absolute errors (MAE) and correla-
tion coefficients of the WAIP forecast with the verifying in-
tensities practically remained constant in the 120-h to 168-h 
intervals. More information about the model development is 
provided in Elsberry and Tsai (2014) for the original SDIP, 
Tsai and Elsberry (2014) for the five-day WAIP, and Tsai 
and Elsberry (2015a) for the seven-day WAIP.

This study investigated the performance of the inten-
sity forecast of the seven-day version of WAIP. Although 
Tsai and Elsberry (2014, 2015a) noted that the 1945 - 2009 
JTWC best track dataset was used during the development 

and verification of the model, the operational version of 
WAIP that was investigated in this study also utilizes 2010 
- 2014 JTWC best track files in addition to the 1945 - 2009 
dataset. The inclusion of the 2010 - 2014 best tracks was 
made to increase the number of historical databases used 
by WAIP when it was adopted by the Central Weather Bu-
reau (CWB) in 2015 (Tsai 2020, personal communication). 
The said model is fully embedded (i.e., not operating as an 
individual model) and can only be operated by PAGASA 
meteorologists through the PAGASA Integrated System for 
Typhoon Operations (PISTON). Originally developed as 
the Typhoon Analysis and Forecasting Integration System 
(TAFIS) by the CWB, PISTON aims to automate and opti-
mize much of the tropical cyclone forecast processes. PIS-
TON was transferred to and customized by PAGASA under 
a collaboration program between the two centers between 
2017 and 2019. The system is akin to other decision support 
platforms such as the Automated Tropical Cyclone Fore-
casting System (Sampson and Schrader 2000) of the JTWC 
and the Tropical Cyclone Information Processing System 
(Wong and Choy 2018) of the Hong Kong Observatory 
(HKO). Unit conversion are performed within the system as 
PISTON uses meters per second (m s-1) as unit of measure-
ment for winds while the WAIP model uses nautical miles 
per hour or knots (kt).

2.2 Verification Using Philippine Tropical Cyclones 
from 2014 to 2017

For this study, the performance of WAIP was investi-
gated using 63 TC cases that were given domestic names by 
PAGASA between the period of January 2014 and December 
2017. The sample cases were WNP TC events that occurred 
within the PAR, the forecast area assigned by the World 
Meteorological Organization (WMO) to the state weather 
bureau for tropical cyclone warnings in the offshore waters 
of the Philippines. This region is demarcated by rhumb lines 
connecting the coordinates 5°N 115°E, 15°N 115°E, 21°N 
120°E, 25°N 120°E, 25°N 135°E, and 5°N 135°E.

Figure 1a presents the extent of the PAR and the tracks 
of sample TC cases that were investigated in this study. 
Nearly all TC cases that were used in this study had any of 
the three track orientations - (1) ESE-WNW-oriented track 
crossing the archipelago (with most of them emerging over 
the West Philippine Sea), (2) SE-NW-oriented track cross-
ing Taiwan-Ryukyus region and entirely missing the Phil-
ippines), and (3) non-landfalling tracks due to recurvature 
far from land or premature weakening into a remnant low.  
Figure 1b shows that most of the best track positions of 
the 63 TC cases within the PAR region had an initial in-
tensity falling within the typhoon category (33 to 61 m s-1), 
while best track positions having initial intensities under 
tropical depression and tropical storm categories had simi-
lar frequency. In terms of observed changes in maximum 
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(a)

(b)

(c)

Fig. 1. (a) PAGASA best track of TCs that occurred within the PAR region between January 2014 and December 2017. The extent of the PAR is 
marked by the dashed six-sided polygon enclosing the Philippines, Taiwan, and Sabah. Red, green and blue tracks indicate TCs that crossed the 
Philippines, made landfall in Taiwan/Ryukyus without crossing the Philippines, and did not make landfall, respectively. Cyclonic (cross) symbol at 
the end of each tracks marks the center position on the final PAGASA warning for TCs that exited PAR (weakened into a remnant low within the 
PAR). (b) The frequency of best track positions with initial intensities under tropical depression (TD; < 18 m s-1), tropical storm (TS; 18 - 24 m s-1), 
severe tropical storm (STS; 25 - 32 m s-1), typhoon (TY; 33 - 61 m s-1), and super typhoon (STY 62+ m s-1) categories. (c) The distribution of best 
track 24-h intensity changes within the PAR.



Application of WAIP on Philippine Tropical Cyclones 673

winds for the TC cases (Fig. 1c), 53.4% of the observed 
24-h intensity change within the PAR had an increase of at 
least 1 m s-1 while 29.7% had a decrease of at least 1 m s-1, 
suggesting that most of the 63 cases were in the developing 
or intensifying stage. Rapid intensification and weakening 
constitute 4.2% and 3.1% of the observed 24-h intensity 
changes within the PAR for the 63 cases, respectively. PA-
GASA track forecasts during the occurrences of these TC 
cases served as the reference track forecast input to run the 
WAIP. Because the weighted mean intensity forecast from 
WAIP is derived from the intensity evolutions of histori-
cal analogs from the JTWC best tracks, the output inten-
sity forecast of the model is provided at 1-minute averag-
ing period. Tsai and Elsberry (2014) noted that TC warning 
centers that use 10-minute averaging period must convert 
the initial intensity input to 1-minute averaging and the 
weighted mean intensity forecast to the 10-minute standard. 
However, the study did not specify a particular method for 
doing such conversion. PAGASA meteorologists opera-
tionally interconvert wind speed values of different aver-
aging periods by remapping maximum winds to and from 
its equivalent Dvorak current intensity (CI) number using 
the lookup tables being used by the agencies in question 
(Knapp and Kruk 2010; Barcikowska et al. 2012; Mei and 
Xie 2016). This approach, also known as the “CI number 
method” assumes that the CI number is an intrinsic param-
eter of a tropical cyclone and should be the same for any 
tropical cyclone at any initial time. Under this approach, the 
10-minute wind is converted to a CI number using the Koba 
et al. (1991) (K91) table. The resulting CI number is then 
converted to its equivalent 1-minute wind using the Dvorak 
(1984) (D84) table. Table 1 presents the CI number to max-
imum wind conversion of the K91 and D84 tables. How-
ever, such conversion is only applied when the wind speed 
value is greater than 65 kt and, as such, 10-minute winds 
from 0 to 65 kt are considered equal in 1-minute averaging. 
The rationale behind this conditional rule is that when the 
CI number method is applied as it is, 10-minute winds of 0 
to 65 kt will be higher than their corresponding values in 
1-minute averaging. In equation form, the conversion for 
1-minute or 10-minute winds above 65 kt is expressed as

V10 = V1 × 0.5604 + 27.9627 (3)

V 1 = V10 × 1.7827 - 49.7285 (4)

where V10 and V1 are 10-minute and 1-minute winds ex-
pressed in knots. Following the recommendation by Tsai 
and Elsberry (2014) to interconvert between wind speeds 
of different averaging times and to ensure consistency with 
operational practices at PAGASA, the CI number method 
with conditional rule was used to convert the initial intensity 
of the target TC to 1-minute averaging using Eq. (3) and the 

resulting intensity forecast of WAIP to 10-minute averaging 
using Eq. (4). This method is referred in this work as the 
“conditional CI number method”.

The TCs that entered the PAR in 2014 had a maximum 
forecast length of 72 h while the TCs for 2015 to 2017 had 
120 h. Given that PAGASA does not issue track forecasts 
beyond 120 h, the maximum forecast length generated by 
WAIP in this work was 120 h. Intensity forecasts were gen-
erated by WAIP from the reference track forecasts issued 
at standard synoptic times (i.e., 00, 06, 12, and 18 UTC) 
and the forecast values are reported at 12-h intervals up to 
48 h and at 24-h intervals from 48 h to 120 h. The result-
ing intensity forecasts were verified against the best track 
intensities of the state weather bureau. With WAIP requir-
ing a minimum forecast length of 72 h, not all official track 
forecasts were used as reference track forecast for WAIP 
because the official track forecasts prior to 2018 were trun-
cated at the first forecast center position located outside the 
PAR region. WAIP forecast intensities at forecast positions 
located outside the PAR were not verified because PAGA-
SA best track data were limited within the PAR region only 
(i.e., best tracks were only extended outside the PAR start-
ing in 2018).

Continuous verification scores were employed to deter-
mine the performance of WAIP intensity forecasts at differ-
ent forecast times. The performance of WAIP at each fore-
cast time was also compared against a reference forecast. 
In this study, persistence was used where it is assumed that 
the intensity throughout the entire forecast track remains the 
same as the initial intensity, hence a no-decision forecast. 

CI D84 K91

1.0 25 22

1.5 25 29

2.0 30 36

2.5 35 43

3.0 45 50

3.5 55 57

4.0 65 64

4.5 77 71

5.0 90 78

5.5 102 85

6.0 115 93

6.5 127 100

7.0 140 107

7.5 155 115

8.0 170 122

Table 1. The conversion of CI number from Dvor-
ak technique to maximum winds in the WNP ba-
sin according to Dvorak (1984) and Koba et al. 
(1991). Wind speed values are in knots.
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Selected TC cases were also presented to demonstrate the 
limitations of the analog model in providing intensity guid-
ance to forecasters.

3. RESULTS AND DISCUSSION
3.1 Verification for Philippine TCs from 2014 to 2017

The verification scores are based on the investigation 
of 629 WAIP runs covering the 63 TC cases. Sample size 
ranges from 629 at 12 h to 29 at 120 h. The MAE and mean 
intensity bias of both WAIP and persistence at each fore-
cast time and the number of samples verified are given in  
Fig. 2. The MAE of WAIP intensity forecasts was around 
2.91 m s-1 at 12 h then gradually increased to around  
5.86 m s-1 around 36 h. The value gradually plateaued at 
around 6.4 m s-1 at 48 h to 72 h before rapidly increasing to 
12.52 m s-1 at 120 h. The trend up to 72 h follows similarly to 
the intensity MAE of Tsai and Elsberry (2014). However, the 
MAE in the said study plateaued even beyond 72 h instead 
of rapidly increasing as observed in this study. The MAE of 
WAIP was consistently smaller than those of persistence up 
to 96 h with the difference increasing from 12 h to 72 h then 
decreasing at 96 h. By 120 h, persistence had slightly small-
er MAE than WAIP. The difference in the MAE between 
WAIP and persistence at 12 to 96 h were statistically sig-
nificant at 95% confidence level according to the Wilcoxon 
signed-rank test (Wilks 2011). At 24 h, the MAE difference 
was 3.57 m s-1 or roughly a 22.5% reduction in MAE relative 
to persistence while at 72 h, a 52.1% reduction in MAE was 
observed, equivalent to 9.44 m s-1. Using the MAE as score 
metric, the WAIP demonstrated better skill than persistence 
up to 96 h and less skillful at 120 h.

A positive intensity bias was exhibited by WAIP pre-
dictions at all forecast times, while a negative bias was ob-
served for persistence for the same TC cases. For the first 
72 h of the intensity forecast, the mean bias of WAIP re-
mained below 1.5 m s-1, with values gradually increasing 
from 0.15 m s-1 at 12 h to 1.43 m s-1 at 72 h. However, 
much like the trend in the MAE, the positive bias rapidly 
increased to 6.03 m s-1 at 120 h. Except at the 120-h mark, 
the magnitude of bias in WAIP forecasts remained consis-
tently smaller than persistence. However, the observed bi-
ases for the samples limited within the PAR region did not 
follow the findings of Tsai and Elsberry (2014) wherein 
the forecast biases were less than 0.5 m s-1 over most of the 
forecast times.

The distribution of underestimation and overestimation 
of actual winds in the WAIP intensity forecasts is presented 
in Fig. 3. In this study, a WAIP forecast is considered to 
overestimate (underestimate) best track winds at a particular 
forecast time if the error is greater than 1 m s-1 (less than 
-1 m s-1). Between 12 and 72 h, WAIP exhibited increas-
ing proportions of overestimations and underestimations, 
although the rate of increase of overestimations was higher, 

consistent with the observed positive bias of the model at all 
forecast times. At 12 h, overestimations and underestima-
tions constituted around 36.6% and 29.9% of the forecasts, 
respectively. This proportion increased to 45.1% for over-
estimations and 38.5% for underestimations at 72 h. The 
proportion of overestimations more than 5 m s-1 increased 
rapidly from 6.0% of the forecasts at 12 h to 26.9% at 36 h 
before the trend eases off a bit, reaching 32.4% at 72 h. In 
terms of extreme values of forecast biases at each model run, 
the magnitudes of the maximum overestimations remained 
much larger than those of overestimations, with values rang-
ing from 15 m s-1 at 12 h to 29 m s-1 at 72 h.

At the 96-h and 120-h intervals, the number of over-
estimations were disproportionate compared to both un-
derestimations and those with forecast biases of at most  
1 m s-1. Overestimations at these forecast intervals consti-
tuted 63.0% to 65.5% of the WAIP forecasts while under-
estimations were only 26.0% to 27.6% of the verified runs, 
respectively. Most of the overestimations at these forecast 
intervals had magnitudes more than 5 m s-1, although the 
maximum values observed at 96-h (18 m s-1) and 120-h pe-
riods (23 m s-1) were lower than the peak underestimations 
at the same forecast intervals (21 and 24 m s-1, respectively).

To examine the range of predictions made by WAIP at 
various forecast intervals for the 2014 - 2017 TC cases, the 
range of observed intensities from the PAGASA best track 
and the verified intensity forecast from WAIP at 36, 72, and 
96 h are presented in Fig. 4. At 36 h, the ±25% range about 
the median (i.e., interquartile range or IQR) TC intensity 
observed within the PAR is unskewed with an upper value 
of 42 m s-1 and a lower value of 22 m s-1. The extreme values 
at 36 h range from 13 to 62 m s-1 (i.e., super typhoon cat-
egory of PAGASA). Slightly skewed compared to observed 
intensities, the WAIP-predicted maximum winds at 36 h 
had smaller IQR with an upper value of 42 m s-1 and a lower 
value of 26 m s-1. The model was able to predict the lower 
extreme value of 11 m s-1 (i.e., weakening to a remnant low) 
but the forecast extreme value of 54 m s-1 was notably lower 
than the observed maximum of 62 m s-1.

For the observed intensities at 72 h, the IQR was small-
er and more skewed compared to 36 h with upper and lower 
values at 41 and 23 m s-1, respectively. In comparison, the 
IQR of predicted intensities at 72 h was considerably small-
er and less skewed with a much lower value (29 m s-1) and 
nearly similar upper value (40 m s-1). The IQR of WAIP at 
72 h was also smaller and slightly less skewed than the pre-
dictions at 36 h. The range of extreme values of predicted 
intensities was considerably smaller at 72 h than both the 
observed intensities at 72 h and the predictions at 36 h.

The observed intensities at 96 h had a slightly larger 
IQR that is less skewed with smaller range of extreme val-
ues compared to predictions. However, the WAIP predic-
tions at this forecast interval had a much smaller IQR than 
the observed intensities with a lower value of 30 m s-1, and 
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(a) (b)

Fig. 2. Homogeneous comparison of WAIP and persistence intensity forecasts for 63 TC cases in the PAR region from 2014 to 2017: (a) mean 
absolute errors (m s-1) and (b) mean forecast biases (m s-1) as a function of forecast time (hours). The sample sizes at each forecast time are also 
presented as a bar graph in panel (a).

Fig. 3. Number of WAIP forecasts (as percentage of total number of verified runs) with magnitude of intensity bias of at most 1 m s-1, 2 to 5 m s-1, 
6 to 10 m s-1, and greater than 10 m s-1 at each forecast times. Darker shade of yellow (blue) indicates higher magnitude of intensity overestimation 
(underestimation) by WAIP. Gray shades are for WAIP forecasts with error of at most 1 m s-1.

(a) (b) (c)

Fig. 4. Box-and-whisker plots for the observed intensities and the intensity forecast from WAIP at (a) 36 h, (b) 72 h, and (c) 96 h respectively. In 
these box plots, the horizontal line near the middle of the box represents the median intensity value, the top and bottom of the box are the 3rd and 
1st quartile (75% and 25%) intensity values, and the top and bottom flat caps of the vertical lines are the maximum and minimum intensity values.
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an upper value of 38 m s-1. This lower value was 1 m s-1 
lower than the median observed intensity at 96 h. The range 
of extreme values for the predicted intensities was smaller 
than the observed intensities, with WAIP having a minimum 
value of 22 m s-1 and a maximum value 49 m s-1. While the 
upper extreme value of predicted intensities was near to that 
of observed intensities at 96 h (albeit smaller by 2 m s-1), the 
lower extreme value of the predicted intensities was much 
higher than the observed intensities.

While the verification scores demonstrated the skill of 
WAIP relative to persistence in providing baseline intensity 
prediction for the PAR region at the 12-h to 96-h intervals, 
the range of predicted intensities by WAIP at 96 h does not 
capture the observed intensities at the same forecast inter-
val, with the model struggling to predict lower range of 
intensity values. This, along with the trend in the MAE be-
yond 72 h that is contrary to those observed by Tsai and Els-
berry (2014), implies that the WAIP may be of potential use 
as baseline intensity forecast at the 12-h to 72-h range for 
the PAR region. The forecast performance of WAIP at the 
96-h and 120-h was a noteworthy departure from the find-
ings of Tsai and Elsberry (2014). However, at these forecast 
intervals, the study had small sample size with only 73 and 
29 forecast intensities at 96 and 120 h verified against PA-
GASA best track compared to 213 at 72 h. The truncation in 
the reference forecast track and best track data of PAGASA 
within the PAR region until 2017 and the absence of 5-day 
track forecast in 2014 and some of 2015 TC cases resulted 
in limited number of 96-h and 120-h WAIP forecasts that 
can be verified against the PAGASA best track.

Although verification results were promising at the 
12-h to 72-h periods, Fig. 4 showed that the full range of the 

observed intensities of the extreme values may not be cap-
tured well by the model especially at higher forecast times, 
which is expected in a statistical model. Sections 3.2 to 3.4 
feature selected TC events which discuss some important 
points of the intensity forecasts from WAIP which can be 
critical in its operational use. A discussion of the potential 
source of the observed positive intensity bias is presented 
in section 3.5.

3.2 Availability of Historical Analogs: Typhoon Maysak

As the third TC to enter the PAR in 2015, Typhoon 
Maysak originated from an area of low pressure first noted 
as a tropical depression over the sea east of Pohnpei, Mi-
cronesia at 12 UTC of 26 March 2015. Following a west-
northwestward heading, Maysak reached typhoon category 
within 3 days of genesis around Chuuk, Micronesia (Japan 
Meteorological Agency 2016). Shortly past 15 UTC on 1 
April, Maysak entered the PAR with maximum winds of 
50 m s-1 and was assigned the domestic name “Chedeng”. 
Figure 5a presents the observed track and category of May-
sak at 6-h intervals within the PAR region. As it continued 
moving west northwestward towards the northern portion 
of Luzon island, Maysak encountered unfavorable environ-
ment, causing it to rapidly weaken to a tropical depression 
before making landfall in the province of Isabela at around 
00 UTC on 5 April. It was last tracked as a remnant low 
over the Cordillera Central mountain range at 06 UTC of 
the same day.

Figure 5b shows the WAIP intensity forecasts initial-
ized at 12-h intervals from 12 UTC 01 April to 12 UTC 03 
April and the PAGASA observed intensities from 12 UTC 

(a) (b)

Fig. 5. (a) PAGASA six-hourly observed track of Typhoon Maysak. The colors in each center position indicates the category of the tropical cyclone 
(i.e., LOW: low pressure area, TD: tropical depression, TS: tropical storm, STS: severe tropical storm, TY: typhoon, STY: super typhoon). (b) 
WAIP intensity forecast from 12 UTC 01 April to 12 UTC 03 April (colored dashed lines) and the PAGASA observed intensities at 6-h intervals 
(solid black line with filled circle markers). The forecasts presented in the figure were those initialized at 00 and 12 UTC. Maximum winds presented 
in the chart use 1-minute averaging.
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on 1 April to 00 UTC of 5 April. The weakening phase of 
Maysak from the time it entered the PAR until its landfall 
and demise over northern Luzon was not captured in both 
magnitude and timing by any of the forecast runs. All WAIP 
runs predicted that Maysak will either slightly intensify and 
reach peak strength at 12 UTC on 03 April before weaken-
ing (for 01 to 02 April runs) or briefly maintain strength 
then slightly weaken without seeing a period of intensifica-
tion (for 03 April runs). For all runs, WAIP did not predict 
that Maysak will rapidly weaken into a tropical depression 
prior to landfall and into a remnant low over Luzon.

Figure 6 presents the historical analogs and the corre-
sponding intensity evolutions that were used in each of the 
5 intensity forecasts presented in Fig. 5b alongside the refer-
ence track forecast of WAIP and the corresponding WAIP 
intensity forecast. The mean dT of the historical analogs 
used in all WAIP forecasts for Maysak was 5.06° or roughly 
562 km. Of all the analogs used in the forecast runs, less 
than half resembled the reference track forecast. The degree 
of spread of the analogs worsened in the later runs, with 
dT reaching a maximum value of 7.1°. While the later runs 
presented intensity evolutions that showed rapid weaken-
ing, these did not reflect in the final WAIP forecast because 
nearly all these evolutions were associated with historical 
analogs having either west-northwestward-oriented tracks 
that are landfalling over Visayas-Mindanao area or recurv-
ing track over the Philippine Sea far off the coast of Luzon. 
Only one of the analogs that showed significant weakening 
was oriented in the same way as the reference track forecast 
for Maysak but instead of proceeding with a northern Lu-
zon landfall, the analog moved slowly with its track stalling 
over the sea east of northern Luzon.

This case highlights that while the accuracy of the ref-
erence track forecast may not be an issue, the quality of the 
intensity forecast generated by WAIP is highly dependent 
on the number of available historical analogs in a particular 
region for a certain period of the year (i.e., for WAIP, within 
±30 days of the initial time of the reference track forecast) 
and the degree of resemblance of these analogs to the refer-
ence track forecast. In the case of Maysak, PAGASA gener-
ally captured its heading and translation speed. In particular, 
the mean forecast error of the reference track forecasts used 
by WAIP was 100.4, 156.6, and 111.0 km for 24, 48, and 
72 h, respectively. Figure 6 suggests that the number of his-
torical analogs of Maysak having a similar track orientation 
during that time of the year may be limited because many of 
the analogs that were eventually used barely resembled its 
west-northwestward heading towards northern Luzon.

3.3 Effect of Reference Track Forecast Accuracy: 
Typhoon Talim

Typhoon Talim was first noted as a tropical depres-
sion over the sea northeast of Guam around 12 UTC on 

8 September 2017 (Japan Meteorological Agency 2018). 
Following a west-northwestward direction, it entered the 
PAR as a typhoon with domestic name “Lannie” with maxi-
mum winds of 33 m s-1 around 06 UTC on 11 September.  
Figure 7a presents the observed track and category of Talim 
at 6-h intervals within the PAR region. While remaining at 
sea inside the PAR, Talim slightly decelerated without sig-
nificant change in direction for the next 48 h. After main-
taining its west-northwestward direction, over the northern 
portion of the Philippine Sea, Talim left the PAR with maxi-
mum winds of 36 m s-1 at 06 UTC on 13 September towards 
the Ryukyu Islands. While over the East China Sea, Talim 
slowed down as it recurved towards Japan. Now following 
a northeastward direction, Talim crossed Japan as a severe 
tropical storm on 17 September. It eventually transitioned 
into an extratropical cyclone at 18 UTC of the same day as 
it moved off the coast of Honshu towards the Sea of Japan 
(Japan Meteorological Agency 2018).

Figure 7b shows the intensity forecasts from WAIP 
with initial times at 06 and 18 UTC of 11 to 12 Septem-
ber and the PAGASA observed intensities from 06 UTC 11 
September to 06 UTC 13 September. Over the 48-h period 
the typhoon was inside the PAR, its intensity only increased 
by 3 m s-1. In the forecast run at 06 UTC of 11 Septem-
ber, WAIP predicted steady intensification, with maximum 
winds reaching a peak of 43 m s-1 by 18 UTC of 12 Septem-
ber. Figure 8 shows that PAGASA initially predicted Talim 
to follow a west-northwestward track bringing it to a land-
fall in northern Taiwan. For this run, the historical analogs 
selected by WAIP had a tight clustering with dT of 2.3° or 
roughly 256 km. Figure 9 shows that the selected analogs 
presented a steady intensification up to the 48-h to 60-h pe-
riod followed by a steady weakening associated with each 
analog’s landfall over Taiwan and mainland China.

The case of Typhoon Talim emphasizes that the rep-
resentativeness of the historical analogs and the resulting 
intensity forecast of WAIP heavily relies on the accurate 
prediction of the track forecast scenario. The observed track 
of the typhoon (Fig. 7a) did not make landfall over northern 
Taiwan unlike what was earlier predicted. In particular, the 
track forecast verification (Table 2) revealed that at all fore-
cast times, all reference track forecasts of Talim had larger 
errors in the cross-track component than in the along-track 
component. This meant that the reference track forecasts 
for Talim failed to capture where the typhoon will be head-
ing more than how fast the typhoon will be moving due to 
failure in initially capturing the recurving scenario in the 
forecast tracks.

Figure 8 shows that PAGASA forecasters gradually 
shifted the official track forecast to a west-northwestward 
turning northwestward path towards the Ryukyu Islands 
followed by a recurvature to the northeast while over the 
East China Sea once the track forecast guidance slowly con-
verged to a no-landfall scenario in the succeeding runs. The 
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Fig. 6. Tracks of the historical analogs from the JTWC best track database that were used in the WAIP intensity forecasts from 12 UTC 01 April 
to 12 UTC 03 April (left) and the intensity evolution of these analogs (right). The red lines and markers in each figure panel indicate the reference 
track forecast (left) and the resulting WAIP intensity forecast (right). Each analog is differentiated by color.
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(a) (b)

Fig. 7. Same as Fig. 5, except that (a) is for Typhoon Talim and (b) is for the WAIP forecasts at 06 and 18 UTC of 11 to 12 September.

Fig. 8. PAGASA best track (red solid line) and official track forecasts for Typhoon Talim. The best track positions are at 6-h intervals, while the 
forecast positions are available at 12-h intervals up to 48 h (green, pink, purple and yellow markers), and at 24-h intervals from 72 to 120 h (blue 
and green markers). Both the best track and official track forecasts are truncated within the PAR region, whose limits are marked by black dashed 
line on the map.
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Fig. 9. Same as Fig. 6, but for WAIP forecast runs at 06 and 18 UTC of 11 to 12 September.

Forecast Time (h) Forecast Track Error Along-Track Error Cross-Track Error

12 66.0 37.6 40.3

24 118.8 45.2 104.2

36 180.3 34.0 117.3

48 274.0 40.0 270.0

Table 2. Average forecast track error and errors along the along-track and cross-track 
components (km) of PAGASA forecast tracks for Typhoon Talim from 06 UTC 11 Sep-
tember 2020 to 06 UTC 13 September 2020.
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shift in the reference track forecast resulted in an increase in 
the spread of the historical analogs being chosen by WAIP 
(Fig. 9) with dT increasing from 2.0° at 00 UTC of 12 Sep-
tember to 2.9° at 06 UTC on 13 September. Despite this, 
Fig. 9 shows that the new analogs in the succeeding WAIP 
forecasts presented intensity evolutions that were either 
minimally intensifying, steady state, weakening or a com-
bination of these. These resulted in a notable reduction in 
intensification rate in the intensity forecasts of succeeding 
WAIP run which better reflected the minimal change in in-
tensity of Talim observed during the period it was inside the 
PAR. For instance, the verification revealed that the intensi-
ty forecast errors at 12 h and 24 h were 3 and 5 m s-1, respec-
tively, for the 06 UTC run on 11 September. Twenty-four 
hours later, the 12-h and 24-h intensity error of the WAIP 
forecast decreased to 1 and 3 m s-1, respectively.

3.4 Capturing Unusual TC Cases: Typhoon Tembin

Figure 10a presents the six-hourly observed positions 
of Typhoon Tembin within the PAR region. The last TC of 
the 2017 season was first noted as a tropical depression with 
domestic name “Vinta” at 06 UTC of 20 December 2017 
while situated near Palau. Tracking generally westward, 
Tembin intensified into a tropical storm within 12 h of for-
mation and into a severe tropical storm 6 h before making 
landfall over the southeastern portion of Mindanao island at 
18 UTC on 21 December. Owing to frictional effects, the 
system weakened into a tropical depression while crossing 
the island although it quickly reorganized after emerging 
over the Sulu Sea on 22 December. Favorable conditions re-
sulted to Tembin rapidly intensifying into a typhoon just af-
ter passing over the southern tip of Balabac Island between 
Palawan and Borneo. At 00 UTC on 24 December, Talim 

left the PAR towards the direction of southern Vietnam. By 
12 UTC of the same day, Tembin began to rapidly weaken 
and at 12 UTC on 25 December, it was downgraded into a 
tropical depression while off the southern coast of Vietnam. 
Tembin was last tracked on 26 December while over the 
Gulf of Thailand to the south of Cambodia (Japan Meteoro-
logical Agency 2018).

Figure 10b shows the intensity forecasts from WAIP 
with initial times at 06 and 18 UTC of 20 and 21 December 
and at 06 UTC of 22 December as well as the PAGASA ob-
served intensities from 06 UTC 20 December to 00 UTC 24 
December. Best track revealed that the typhoon had a peak 
intensification of 11 m s-1 over a 24-h period prior to landfall, 
reaching its first peak intensity of 26 m s-1 at 12 UTC on 21 
December. This was followed by a peak land-driven weak-
ening of 9 m s-1 within 24 h, with the intensity dropping to 17 
m s-1 within 12 h of landfall. Over the Sulu Sea, Tembin un-
derwent a near-rapid intensification of 13 m s-1 within 24 h,  
reaching 33 m s-1 at 18 UTC on 23 December. The WAIP 
forecasts for Tembin that were initialized prior to landfall in 
Mindanao predicted a steady intensification with maximum 
winds peaking around 23 to 27 m s-1 before landfall, fol-
lowed by a slowly weakening trend as it crosses Mindanao 
and the Sulu Sea. Meanwhile, the WAIP forecasts that were 
initialized at 18 UTC on 21 December or just before the TC 
emerged over the Sulu Sea predicted that Tembin would re-
main as a minimal tropical storm until it leaves the PAR 
region. In both pre- and post-landfall runs, WAIP did not 
predict any significant period of intensification once Tembin 
reached the Sulu Sea. While the pre-landfall intensification 
was slightly captured by WAIP, verification revealed that 
the model did not capture the degree of subsequent weaken-
ing during its land crossing in Mindanao and the rapid inten-
sification to typhoon category over the Sulu Sea.

(a) (b)

Fig. 10. Same as Fig. 5, except that (a) is for Typhoon Tembin and (b) is for the WAIP forecasts at 06 and 18 UTC of 20 to 21 December and at 06 
UTC of 22 December.
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Historical analogs used by WAIP (Fig. 11) show that 
the mean dT between the analogs and the reference track 
forecast ranges from 2.7 to 3.4° (roughly 322 to 378 km) 
for all the forecast runs. Roughly two to four of these ana-
logs were westward-moving that crossed Mindanao and the 
southern portion of Palawan island having either a period of 
pre-landfall intensification followed by a continuous weak-
ening during land-crossing over Mindanao and Sulu Sea or 
a tropical depression or minimal tropical storm with steady 
state or weakening trend. The rest of the analogs generally 
moved westward and crossed the archipelago at a much 
higher latitude (i.e., in Visayas or southern portion of Lu-

zon). The presence of the non-Mindanao-crossing analogs 
and their higher intensity values in their best tracks offset 
the intensity contributions of the Mindanao-crossing ana-
logs and dampened the rate of weakening over Mindanao in 
the intensity forecast of WAIP for Tembin.

As for the rapid intensification to typhoon category 
from tropical depression stage over the Sulu Sea region, 
WAIP failed to capture this event due to lack of any histori-
cal analog that moved generally westward from Mindanao 
towards southern Palawan that either reached typhoon cat-
egory or underwent rapid intensification over the Sulu Sea. 
In particular, the comprehensive best track dataset from the 

Fig. 11. Same as Fig. 6, but for WAIP forecast runs at 06 and 18 UTC of 20 to 21 December and at 06 UTC of 22 December.
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WMO Regional Specialized Meteorological Center - To-
kyo Typhoon Center (RSMC Tokyo) from 1907 to 2017 
shows that of the five TCs of at least tropical storm category 
that crossed within 150 km of Balabac Island in southern 
Palawan (8.0°N, 117.0°E), only 2 TCs followed a gener-
ally westward track from Mindanao with Tembin being the 
only one that reached typhoon category (Fig. 12). PAGASA 
(2019) eventually noted that Tembin was the only TC in its 
climatological records to significantly intensify and reach 
typhoon category over the Sulu Sea, especially in the region 
south of 10°N.

The relatively poor performance of WAIP in forecast-
ing the intensity of TCs for tracks located south of 10°N 
was also identified in earlier investigations. For instance, at 
72 h, the SDIP method resulted in degradation in intensity 
forecast by 2.6 to 5.1 m s-1 relative to a statistical 5-day in-
tensity forecast from climatology and persistence (ST5D; 
Knaff et al. 2003) over the region between 0 - 10°N and 120 
- 130°E (Elsberry and Tsai 2014). Meanwhile, the revisions 
from SDIP to WAIP degraded the intensity forecast relative 
to SDIP by 1.5 to 2.3 m s-1 over the region between 0 - 10°N 
and 120 - 140°E (Tsai and Elsberry 2014).

3.5. The Role of Remapping Wind Speeds of Varying 
Wind Averaging Periods in the Forecast of WAIP

It has been emphasized earlier that the five-day and 
seven-day versions of the WAIP for WNP TCs utilized the 
JTWC best track files to determine the candidate analogs to 

be used in calculating the weighted mean intensity forecast 
of the model (Tsai and Elsberry 2014). JTWC reports the 
maximum winds of TCs in its best track record in terms of 
1-minute averaging period (Knapp and Kruk 2010). This is 
different from the 10-minute averaging period prescribed by 
the WMO that is being used by nearly all TC warning cen-
ters in the WNP basin, including both the RSMC Tokyo and 
PAGASA. While Tsai and Elsberry (2014) recommended 
the conversion of the WAIP inputs from and outputs to the 
WMO standard of 10-minute averaging, the study did not 
specify a particular method for doing such conversion.

It has been noted earlier that this study adopted the op-
erational method used by PAGASA meteorologists to inter-
convert wind speed between 10-minute and 1-minute aver-
aging periods. Called the “conditional current intensity (CI) 
number method”, this approach utilizes the assumption that 
maximum winds of a TC in both real-time and best track 
analyses, regardless of wind averaging times, is associated 
with a particular CI number from the Dvorak (1984) tech-
nique. Given that the CI number in the Dvorak method re-
lies on the presentation of a tropical cyclone in satellite im-
agery at a specific time, in theory, a TC must have the same 
CI number regardless of its equivalent maximum winds in 
any averaging periods. The method of interconversion is 
discussed in detail in section 2.

Another approach to interconverting wind speed esti-
mates of varying wind averaging periods is the use of a con-
stant multiplier. Prior to the release of the WMO Guidelines 
for Converting Between Various Wind Averaging Periods 

Fig. 12. The best track of five tropical cyclones between 1907 and 2017 (5923 Harriet, 6826 Nina, 8830 Tess, 1301 Sonamu, and 1727 Tembin) that 
passed within 150 km from Balabac Island in southern Palawan. The extent of the buffer region is marked by the black circle. The best track posi-
tions from RSMC Tokyo are provided at 6-h intervals interpolated to 3-h intervals. The color in each best track position indicates the category of the 
TC (blue - tropical depression cyan - tropical storm or higher; green - tropical storm; yellow - severe tropical storm; red - typhoon). Map generated 
from the Digital Typhoon Database of the Japan National Institute of Informatics (http://agora.ex.nii.ac.jp/digital-typhoon/search_place.html.en).

http://agora.ex.nii.ac.jp/digital-typhoon/search_place.html.en
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in Tropical Cyclone Conditions (Harper et al. 2010), the ex-
amination of many recorded wind speeds against time traces 
and damage reports brought several conversion factors that 
can be used from one averaging time to another (i.e., Simiu 
and Scanlan 1978; Krayer and Marshall 1992). For JTWC 
interests, the factor 0.88 was used for converting 1-minute 
to 10-minute winds while 1.14 was used for converting 
10-minute to 1-minute winds (Sampson et al. 1995). Un-
der the WMO report (Harper et al. 2010), four conversion 
factors were recommended to convert 1-minute winds to 
10-minute winds depending on the exposure at near-surface 
level. In the WNP, the Hong Kong Observatory (HKO) has 
adopted 0.93 as the nominal conversion factor for all types 
of exposure (Velden et al. 2012; Burton and Velden 2016; 
World Meteorological Organization 2020).

To better understand the rationale in not using the rec-
ommendation from WMO for remapping between 1-min-
ute and 10-minute winds, one must appreciate the need to 
reconcile discrepancy in wind estimates in the WNP basin 
caused by using multiple lookup tables to convert intrinsic 
metrics of a TC into “measurable” values such as maximum 
winds and why the use of a constant metric may not be the 
best solution at hand.

In the absence of aircraft reconnaissance in the WNP 
basin, operational forecasters perform a quasi-objective 
analysis of the presentation of TC on either or both visible 
and infrared imageries to estimate maximum winds of a TC 
(Dvorak 1984; Velden et al. 2006). Such analysis leads to 
the determination of a CI number that can take a value be-
tween 1.0 to 8.0, with intervals of 0.5. Lookup tables (Dvor-
ak 1984; Koba et al. 1991) provide a mapping from the CI 
number to the estimated maximum winds of a TC. The D84 
lookup table (Dvorak 1984) allows JTWC forecasters to 
convert CI numbers to maximum wind estimates at 1-min-
ute averaging from 25 kt (for CI 1.0) to 170 kt (for CI 8.0). 
For agencies in the WNP that use 10-minute averaging, two 
existing methods are operationally used. The RSMC Tokyo 
converts CI number to maximum winds using an entirely 
different table from Dvorak (1984). The table is based on 
a separate verification using RSMC Tokyo best track data 
and reanalyzed CI numbers covering a six-year period in the 
1980s when aircraft reconnaissance was still being flown 
by the United States in the WNP. Based on this verifica-
tion, Koba et al. (1991) introduced the K91 table with maxi-
mum wind estimates ranging from 22 kt (for CI 1.0) to 122 
kt (for CI 8.0). Table 1 shows that the K91 relationship is 
similar to the D84 at the middle of the intensity range, but 
it assigns significantly higher (lower) wind speeds at low 
(high) CI numbers. This lookup table is also used by nearly 
all TC warning centers within the Typhoon Committee re-
gion (Velden et al. 2012; Burton and Velden 2016; World 
Meteorological Organization 2020). In other agencies using 
10-minute wind averaging but do not subscribe to the K91 
table such as the Hong Kong Observatory (HKO), the CI 

numbers from the Dvorak analysis are converted to 1-min-
ute winds using the D84 table. The resulting values are re-
mapped to their equivalent maximum winds at 10-minute 
averaging using the nominal multiplier 0.93 (Burton and 
Velden 2016). This approach yields a range of wind speed 
estimation from 23 kt (for CI 1.0) to 158 kt (for CI 8.0).

The presence of three operational lookup tables for 
two different averaging periods has resulted in discrepan-
cies in maximum wind estimates of WNP TCs, both in best 
tracks and in real-time analyses (Knapp and Kruk 2010; 
Barcikowska et al. 2012). Figure 13 presents the maximum 
wind speed estimates for Typhoon Meranti from 00 UTC 
11 September 2016 to 06 UTC 14 September. As the ty-
phoon rapidly intensified, the disparity between agency in-
tensity estimates grew larger. Of the three other intensity 
estimates presented in Fig. 12, JMA had the nearest values 
to PAGASA estimates with JMA being 10 kt lower to 5 kt 
higher than PAGASA. JTWC had disproportionately high 
intensity estimates for Meranti during the period. Com-
pared to PAGASA estimates, JTWC 1-minute winds were 
anywhere between 5 and 50 kt higher. Even if JTWC es-
timates were converted to 10-minute winds following the 
WMO-recommended factor, the values were still up to  
40 kt higher. Unlike JMA, the estimates from the HKO were 
higher by as much as 20 kt than PAGASA despite using the 
same wind averaging period. This can be attributed to the 
use of D84 lookup table to translate Dvorak-related metrics 
to 1-minute winds and converting the values to 10-minute 
winds using the conversion factor. Conversely, when the 
same conversion factor was used to convert PAGASA, 
RSMC Tokyo, and HKO 10-minute winds to their 1-minute 
equivalent, the resulting values were still lower than JTWC 
1-minute winds by up to 40 kt for PAGASA and RSMC To-
kyo and up to 25 kt for HKO. Figure 13 shows that the use 
of a constant multiplier to interconvert between wind speed 
values of different averaging times may not be enough to 
close the discrepancy.

In the same figure, however, when JTWC 1-minute 
winds are converted to 10-minute values using the condi-
tional CI number method, the difference between the result-
ing JTWC 10-minute winds and the PAGASA 10-minute 
winds for Meranti is reduced considerably, with the JTWC 
converted winds being anywhere between 5 kt lower and 10 
kt higher than PAGASA winds. This meant that the adopted 
method in this study is effective in bridging the 10-minute 
and 1-minute winds from PAGASA and JTWC, respective-
ly, compared to using the recommendation from WMO.

Despite this improvement in converting 10-minute 
winds to 1-minute winds and vice versa, the discrepancy 
is not fully addressed. In the case of Meranti in Fig. 13, 
there remains a difference in terms of timing and rate of 
intensification between the 10-minute winds of PAGASA 
and the 10-minute derived winds from JTWC using the con-
ditional CI number method. For instance, prior to 00 UTC 
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of 12 September, Meranti was intensifying slightly faster in 
PAGASA winds than in JTWC 10-minute winds. Howev-
er, past 00 UTC of 12 September, JTWC 10-minute winds 
surpassed PAGASA estimates, with the former reaching 
115-kt winds 12 h earlier than the latter. Previous studies 
involving WNP tropical cyclone best tracks (i.e., Knapp 
and Kruk 2010; Barcikowska et al. 2012) revealed that con-
verting between wind speed averaging using either of the 
methods do not fully address the discrepancy with JTWC 
still having significantly higher wind estimates than RSMC 
Tokyo and other agencies using the K91 table especially for 
the stronger storms. Song et al. (2010) observed a signifi-
cant increase in the annual average difference between the 
two intensity datasets since 1977, roughly during the period 
when aircraft reconnaissance was terminated in the WNP, 
with RSMC Tokyo having weaker intensity estimates than 
JTWC. Such increasing difference may further worsen the 
remaining discrepancy between JTWC 1-minute winds and 
10-minute winds from most TC warning centers.

Possible explanations for the remaining discrepancies 
include the differences in the emphasis and consistency in 
using surface observations (SYNOP, SHIP, and BUOY), 
polar-orbiting satellite (including scatterometer-derived 
winds data), and objective methods such as the Advanced 
Dvorak Technique (Olander and Velden 2007), AMSU-
based estimates (Brueske and Velden 2003; Demuth et al. 
2004, 2006; Herndon et al. 2004), and Satellite Consensus 
Intensity (SATCON) approach (Herndon and Velden 2018) 
to supplement the intensity estimate from the Dvorak tech-
nique (Barcikowska et al. 2012; Velden et al. 2012) and the 
subjectivity and regional differences (i.e., rules constraining 

changes in CI number during intensification, weakening, 
and landfall) in the Dvorak technique that lead to discrep-
ancies in the Dvorak parameters (Koba et al. 1989, 1991; 
Nakazawa and Hoshino 2009; Shum and Chan 2013; Koide 
and Nishimura 2017).

To have an idea on the effect of the remaining discrep-
ancy between 1-minute winds from JTWC and the 1-min-
ute winds derived from PAGASA 10-minute estimates, the 
WAIP was initialized at 12 UTC of 12 September to gener-
ate 1-minute wind forecast up to 96 h. PAGASA best track 
data shows that at this initial time, Meranti had 10-minute 
maximum winds of 54 m s-1. The nominal conversion factor 
of 0.93 (Harper et al. 2010) yields an equivalent 1-minute 
winds of 58 m s-1 while the use of conditional CI number 
method yields an equivalent 1-minute winds of 71 m s-1. 
Despite this conversion, these were 9 to 22 m s-1 lower than 
1-minute winds of 80 m s-1 from the JTWC. This shows that 
the available methods of interconversion do not fully ad-
dress the discrepancy between wind speed values of differ-
ent averaging times.

Figure 14 presents the time series of forecast maximum 
winds at 1-minute averaging at 12 UTC of 12 September 
for Typhoon Meranti using the two derived 1-minute winds 
and the JTWC 1-minute winds as input wind speed of the 
model. Using 80 m s-1 as initial intensity (Exp1), the WAIP 
predicted a slight increase in intensity at 12 h to 81 m s-1 
followed by a period of continuous weakening at an aver-
age 24-h rate of 13.4 m s-1. From 81 m s-1 at 12 h, WAIP 
predicted the intensity to drop below typhoon strength at 
28 m s-1 by 120 h. In comparison, the WAIP forecast us-
ing 71 m s-1 as initial intensity (Exp2) had increasingly  

Fig. 13. Time series of maximum winds of Typhoon Meranti within the PAR region from 00 UTC 11 of September to 06 UTC of 14 September 
expressed at 10-minute averaging from PAGASA, RSMC Tokyo, and HKO and at 1-minute averaging from JTWC. The time series also include 
10-minute winds converted from JTWC using both the conditional CI number method and the 0.93 multiplier and 1-minute winds converted from 
PAGASA, RSMC Tokyo, and HKO estimates using the 0.93 multiplier. Solid lines are 10-minute winds while dashed lines are 1-minute winds.
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weakening trend, with forecast intensities at the 12-h to 36-h 
period that were 3 to 11 m s-1 lower than those generated 
by WAIP if JTWC 1-minute winds is used. At 48 h, Exp2 
predicted the same 1-minute winds as Exp1 while at 72 and 
96 h, Exp2 predicted 1 to 4 m s-1 higher winds than Exp 1. 
The WAIP run that used 58 m s-1 as initial intensity (Exp3) 
had a trend similar to Exp 1, with a brief period of slight 
intensification followed by an increasingly weakening trend. 
However, the intensity forecast from Exp3 was the lowest 
among the three initializations across all forecast intervals, 
with maximum winds that were 1 to 22 m s-1 lower than the 
corresponding predictions from Exp1.

Figure 15 shows that the tracks and intensity evolu-
tions of the historical analogs selected by the model for 
Exp1, Exp2, and Exp3 were different. The mean dT of the 
10 analogs for Exp1, Exp2, and Exp3 were 3.5, 3.0, and 
2.6, respectively. Although the analogs for the three experi-
ments had a generally west-northwestward to northwest-
ward track, Exp1 and Exp2 shared more resemblance, with 
the analogs generally clustered into two groups - those that 
crossed Taiwan and those that passed over Luzon Strait or 
crossed the northern portion of northern Luzon. On the oth-
er hand, Exp3 also exhibited two groupings - those that ei-
ther crossed Central-Southern Taiwan or passed over Luzon 
Strait and those that crossed northern Luzon. Most of the 
analogs from the three experiments had similar trends - an 
initial period (up to 36 h) wherein the analog either slightly 
intensified or maintained strength, followed by a period of 
continuous weakening. However, the intensity evolutions 
varied considerably due to the differences in the input winds 
per experiment.

Table 3 lists the top 10 analogs selected by WAIP 
for Exp1, Exp2, and Exp3. Because the initial intensity of 

Exp2 (71 m s-1, from PAGASA 10-minute winds converted 
to 1-minute using the conditional CI number method) was 
closer to Exp1 (80 m s-1, JTWC 1-minute winds) than Exp3 
(58 m s-1, from PAGASA 10-minute winds converted to 
1-minute using 0.93 multiplier), Exp2 had more analogs 
that were also used in Exp1 than Exp3. In particular, seven 
of the 10 analogs of Exp2 were also used by WAIP in Exp1, 
with the top two analogs of both experiments being in the 
same ranking (wp172013 at rank 1 and wp092007 at rank 
2). In comparison, Exp1 and Exp3 shared only one similar 
analog, wp171968. Despite the similarities in the analogs 
of Exp1 and Exp2, the remaining discrepancy between the 
initial intensities even after the conversion of PAGASA 
10-minute winds to 1-minute (using the conditional CI 
number method) to match the 1-minute winds of JTWC still 
resulted to differences in the intensity forecast of WAIP as 
seen in Fig. 14.

4. SUMMARY AND CONCLUDING REMARKS

Improvements in the track forecast guidance has led to 
the increased reliability of intensity forecast from statistical, 
dynamical, and statistical-dynamical TC intensity forecast 
models. Under the premise that the TC track is the primary 
determinant of the intensity on 5-day timescale or longer, 
a statistical intensity forecast model called Weighted Ana-
log Intensity Prediction (WAIP) has been developed for the 
WNP (Tsai and Elsberry 2014). It is based on the ranked-
weighted mean of 10 best historical analogs from the JTWC 
1945 - 2014 best tracks wherein the ranking was determined 
from the similarity of each analog to the reference track 
forecast and initial intensity of the TC of interest provided 
by the TC warning center. The performance of the model 

Fig. 14. Time series of forecast 1-minute maximum winds from WAIP for Typhoon Meranti at 12 UTC 12 September using different input winds: 
1-minute winds from JTWC (Exp1) and 10-minute winds from PAGASA remapped to 1-minute averaging using the conditional CI number method 
(Exp2) and the recommended conversion factor by Harper et al. (2010) (Exp3).
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(a)

(b)

(c)

Fig. 15. Tracks (left) and intensity evolutions (right) of the historical analogs from the JTWC best track database that were used in the WAIP inten-
sity forecast at 12 UTC on 12 September for Typhoon Meranti: (a) Exp1, (b) Exp2, (c) Exp3. The red lines and markers indicate the reference track 
forecast (left) and the resulting WAIP intensity forecast (right). Each analog is differentiated by color. Maximum winds are in 1-minute averaging.

Rank Exp1
JTWC 1-minute

Exp2
PAGASA 1-minute using conditional CI number method

Exp3
PAGASA 1-minute using constant 0.93 factor

1 wp172013 wp172013* wp121953

2 wp092007 wp092007* wp141956

3 wp171973 wp171968* wp182000

4 wp211964 wp132005* wp151992

5 wp171968 wp182000 wp141970

6 wp132005 wp121953 wp181967

7 wp171962 wp171962* wp152012

8 wp091959 wp191965* wp172013

9 wp141963 wp152012 wp261989

10 wp191965 wp171973* wp171968*

Table 3. The ranking of historical analogs used by WAIP in its forecast for Typhoon Meranti initialized at 12 UTC on 12 September. 
Exp1 to Exp3 are different runs of the same forecast that only differed in the input initial intensity (at 1-minute averaging). Analogs 
with single asterisks are analogs of Exp2 or 3 that were also used by WAIP in Exp1.
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against both JTWC official and dynamical model guidance 
(Tsai and Elsberry 2014, 2016), as well as its low demand 
for computation resources makes it a viable guidance for in-
tensity prediction. A seven-day version of WAIP has since 
been developed (Tsai and Elsberry 2015a) for the JTWC.

With PAGASA considering the issuance of intensity 
forecasts for TCs within the PAR region, the intensity fore-
casts from the seven-day version of WAIP were evaluated 
to serve as the initial verification study that will increase the 
confidence of Filipino typhoon forecasters in utilizing the 
model as a baseline intensity guidance. Using the PAGASA 
track forecast as the reference track forecast, a total of 629 
intensity forecasts from 63 TC events that entered that PAR 
between January 2014 and December 2017 with maximum 
forecast length of three to five days were generated by the 
WAIP integrated into the PAGASA forecast support system 
PISTON. Due to differences in the wind averaging periods 
of the JTWC best track used by the WAIP and input winds 
at initial times, the 10-minute input winds are remapped to 
1-minute winds while the forecast 1-minute wind values 
from WAIP are converted to their equivalent in 10-minute 
averaging using the conditional CI number method.

WAIP was found to have positive intensity bias at all 
forecast times with the magnitude of bias being consistent-
ly smaller than persistence at all forecast times except at  
120 h. However, the values for the samples limited in the 
PAR region did not follow those of Tsai and Elsberry (2014) 
wherein forecast biases for most forecast times were below 
0.5 m s-1. Compared to persistence, the intensity forecasts 
from WAIP had significantly smaller MAE at 12 to 96 h 
forecast intervals with roughly 52% reduction in MAE at 
72 h with respect to persistence. However, noting the small 
sample size at the 96-h interval brought by the limitations 
in terms of the extent of the reference track forecast and 
the best track data from PAGASA, these metrics imply the 
skill of WAIP relative to persistence in providing intensity 
forecast at 12-h to 72-h periods. The trend in the MAE val-
ues was found to be similar to those of Tsai and Elsberry 
(2014) except that in this study, the MAE rapidly increased 
beyond 72 h. The behavior at these forecast intervals was 
attributed to the small sample size associated with the trun-
cation in the reference forecast track and best track data of 
PAGASA within the PAR region until 2017 and the absence 
of 5-day track forecast in 2014 and some of 2015 TC cases. 
The small sample size also resulted in the MAE difference 
between WAIP and persistence at 120 h being statistically 
insignificant. As such, the complete picture of the perfor-
mance at 96 and 120 h within the PAR region cannot be 
inferred from this investigation.

The examination of probability distribution of inten-
sities at 36, 72, and 96 h predicted by the model showed 
that the WAIP, as a statistical model, does not fully capture 
the full range of the observed intensities or of the extreme 
values, with the model struggling to predict lower range of 

intensity values with increasing forecast intervals. The cases 
of Typhoon Maysak in 2015 and Typhoons Talim and Tem-
bin in 2017 demonstrated the dependence of WAIP as a sta-
tistical-analog method of prediction on the accuracy of the 
reference track forecast, the number of available historical 
analogs for a particular forecast scenario, and the degree of 
resemblance of these analogs to the reference track forecast.

Previous investigations (i.e., Knapp and Kruk 2010; 
Song et al. 2010; Barcikowska et al. 2012) revealed that 
maximum winds at 1-minute averaging from JTWC had 
notable discrepancies against 10-minute winds from the 
RSMC Tokyo. Moreover, such discrepancies remain ir-
reconcilable because the difference in intensity estimates 
between these two centers stem out from the difference 
not just in the intensity lookup tables being used to convert 
Dvorak-derived CI number to maximum speed, but also in 
the regional differences in the application of Dvorak tech-
nique and the emphasis of each center in the use of oth-
er meteorological data in the determination of maximum 
winds. Lastly, a growing difference in maximum winds 
between JTWC and JMA best track dataset since 1977 re-
inforces the irreconcilability of these values. With PAGA-
SA sharing the same method of intensity estimation as the 
RSMC Tokyo, notably in the adoption of K91 lookup table, 
the use of JTWC best track as a source of historical analogs 
poses a potential issue with the WAIP. Using Typhoon Me-
ranti as an example, it was demonstrated that even with the 
use of interconversion approaches such as the conditional 
CI number method and the WMO-recommended nomi-
nal multiplier, there is still a discrepancy between JTWC 
1-minute winds and the 1-minute winds derived from the 
PAGASA 10-minute winds. Such discrepancy leads to in-
consistency in the generated forecast by the WAIP. In the 
case of Meranti, the forecast intensities generated using 
PAGASA 1-minute derived winds was lower than those 
generated when JTWC 1-minute winds are used.

The influence of using JTWC best track on the inten-
sity spread forecast produced by WAIP must be looked in 
future studies as this product is intended to inform forecast-
ers of the magnitude of uncertainty in an intensity forecast, 
especially when the historical analogs used by WAIP ex-
hibited rapid changes in intensity (i.e., rapid intensification 
or weakening) or extended periods of non-intensification 
- situations wherein WAIP generated less satisfactory fore-
casts in previous studies (Tsai and Elsberry 2014, 2015a). 
The potential use of other best track datasets such as those 
from the RSMC Tokyo as the source of historical analogs 
and its impact on the observed bias in the intensity forecasts 
generated by WAIP must be explored. Furthermore, given 
the developments in the weighted analog technique over 
the last 5 years (Tsai and Elsberry 2015a, b, 2017a, 2018, 
2019), the existing algorithm of the WAIP module built into 
PISTON must be updated and its performance investigated 
with due consideration to the use of other best track sources. 
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Since 2018, PAGASA has extended its monitoring domain 
for TCs and now truncates its official TC forecasts within 
the region of 4 - 28°N and 114 - 145°E instead of the PAR 
region only. Furthermore, its best track data has been ex-
tended to include the entire duration of TC (i.e., from gen-
esis to weakening into remnant low or transitioning to ex-
tratropical cyclone). These improvements will increase the 
number of samples at higher forecast times in future verifi-
cation studies of WAIP. The bias correction scheme in the 
current WAIP may also need revisions to further improve its 
performance within the PAR region, especially in cases of 
rapid changes in intensity.

Tsai and Elsberry (2016) identified that while the three 
numerical models had no skill relative to WAIP as an in-
tensity forecast and especially beyond 72-h forecast inter-
val, statistical-dynamical consensus method significantly 
outperformed the intensity forecasts of WAIP especially at 
forecast times up to 72 h and in landfalling situations along 
the coast of China, Southeast Asia, and northeastern Japan 
across all forecast times. Moreover, DeMaria et al. (2014) 
also noted that statistical-dynamical methods and consen-
sus methods performed better than statistical and dynamical 
guidance in intensity forecast in the WNP basin. In a sepa-
rate investigation, the intensity forecasts from the new statis-
tical-dynamical guidance of the RSMC Tokyo (Yamaguchi 
et al. 2018; Ono et al. 2019) were generally more accurate 
than those made with its own global NWP model (Global 
Spectral Model) and the Statistical Hurricane Intensity Fore-
cast (Jarvinen and Neumann 1979) despite the observed 
overestimation of TC intensity in the genesis stage, slow re-
sponse in rapid intensity changes, and unsuitability in cases 
of extratropical cyclones transitioning back to TCs. Such de-
velopments suggest future undertakings involving intensity 
forecasts using statistical-dynamical and consensus methods 
for Philippine TCs to increase the confidence of PAGASA 
forecasters in providing official intensity forecasts.
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