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Abstract
The understanding and prediction of tropical cyclones (TCs) in a changing climate have been active research topics. Over 
the past few decades, studies have found important relationships between TC activity and climate variability. However, the 
temporal heterogeneity of TC best track data due to changes in observational and analytical technology makes long-term 
analysis of the relationship difficult. In particular, it was difficult to quantify when TC data were reliable, which led to the 
use of different start years for the analysis and eventually hindered a consistent study. This study developed a new method 
to quantitatively evaluate the reliability of the data, specifically TC genesis frequency in the western North Pacific (WNP), 
using the relationship between TCs and the El Niño Southern Oscillation (ENSO). This is based on the fact that TC genesis 
extends east of 140°E in the WNP during El Niño but is limited to within the west of 140°E during La Niña. Using the 
relationship, this study proposes that the period with the most reliable TC data began in 1985. The analysis revealed that the 
unreliability during earlier periods was related primarily to the technical difficulties in detecting and classifying weak TCs, 
such as tropical depressions and tropical storms. These results will reduce the uncertainty in the TC data and will facilitate 
the detection of a more solid relationship between TCs and climate variability in future studies.
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1 Introduction

How tropical cyclone (TC), one of the most devastating 
natural disasters on Earth, is changing its frequency and 
intensity due to climate change is one of the most inter-
esting scientific research subjects (Emanuel 2013; Park 
et al. 2015; Knutson et al. 2019; Zhang et al. 2019; Min 
et al. 2021). For seasonal forecasting and preparedness for 
TCs, many studies have also focused on uncovering the 
relationship between TC activity and climate variabili-
ties, such as the El Niño–Southern Oscillation (ENSO) 
or Pacific Decadal Oscillation (PDO) (Lupo et al. 2008; 
Camargo et al. 2010; Kim et al. 2017; Bai et al. 2018). 
Reliable TC data are essential for these climate-related 
TC studies.

Best track data used in TC studies provide the best esti-
mates of TC positions, intensity, and frequency using all 
observations and technological/analytical protocols avail-
able during a given period (Knaff et al. 2010). However, 
best track data suffer from temporal heterogeneity (Vecchi 
and Knutson 2011) because of the changes in observational 
and analytical technology such as the introduction of air-
craft reconnaissance, satellites, and the Dvorak technique 
(Dvorak 1973, 1984). Indeed, much of the current debate in 
TC studies concerns the influence of data heterogeneity on 
TC trends or relationships between TCs and climate vari-
ability (Kossin et al. 2013; Park et al. 2013).

One of the important issue with data heterogeneity is 
determining the start date for the TC data used in the study. 
However, it is difficult to quantitively determine when the 
TC data are reliable, so researchers tend to use the longest 
possible data period to improve statistical confidence in their 
trend and correlation analyses. This has sometimes led to the 
use of 1940 and 1950 s TC data, which are known to have 
low data accuracy. Because the data period substantially 
affects the results, it is crucial to know a reliable period 
according to the TC metrics used (Knapp and Kruk 2010; 
Magee et al. 2016; Moon et al. 2019).
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Several studies have sought to evaluate the accuracy of 
the TC data using TC reports (Chu et al. 2002), other best-
track datasets (Kang and Elsner 2012a, b), reconnaissance 
data (Torn and Synder 2012), reanalysis data (Truchelut 
et al. 2013), the proportion of specific storms (Landsea et al. 
2010; Landsea 2017), and historical ship tracks (Vecchi and 
Knutson 2008), but they still have limitations in quantitatively 
evaluating the reliability of various TC metrics by year. 
The present study proposes a new method of quantitatively 
evaluating the accuracy of TC data by year, called the climate 
proxy method, which uses the known relationship between 
TC activity and climate indices. This method is based on 
three facts: (i) climate variability changes the environment 
in the regions of TC development and occurrence; (ii) TC 
activity, including frequency and intensity, is controlled by the 
environment; (iii) the favorable and unfavorable environmental 
conditions for TCs do not change over time (i.e., the original 
characteristics of TCs remain unchanged). Based on these 
facts, if any relationship between TCs and the climate indices 
are solid, we can retrace the time series of annual TC activity 
using the climate indices. As a demonstration of the climate 
proxy method, this study evaluates the reliability of the TC 
frequency data (i.e., TC counts) in the western North Pacific 
(WNP) beginning in 1951 by using the ENSO, the most 
influential climate index related to TC activity.

The rest of the paper is organized as follows. Section 2 
describes the various data sources and methodology used 
in this study. We investigate the relationship between the 
ENSO and TC frequency in the WNP, and in turn estimate 
the reliability of best track data in Section 3. Possible rea-
sons why the best track data has unreliable period is dis-
cussed in Section 4. Finally, the summary and conclusion 
are given in Section 5.

2  Data and Methods

The 1951–2018 TC best track data were obtained from the 
IBTrACS (v04r00; Knapp et al. 2010). The TC analysis 
conducted for only the active TC season (June–November) 
in the WNP. The two sets of IBTrACS best track data, the 
JTWC and JMA data, were used in the analyses. TC genesis 
was defined as when TCs first archive the intensity equal to 
or greater than 17 m  s− 1. The large-scale atmospheric envi-
ronment for long-term period (1951–2018) was analyzed 
using monthly mean atmospheric reanalysis data from the 
National Centers for Environmental Prediction–National 
Center for Atmospheric Research (NCEP-NCAR R1; Kalnay 
et al. 1996; Kistler et al. 2001). The sea surface temperature 
(SST) data were obtained from the U.S. National Oceanic 
and Atmospheric Administration Extended Reconstructed 

Monthly SST (ERSST) version 5, in which the horizontal 
resolution is 2°×2° (Huang et al. 2017).

The ENSO index, which was calculated as a 3-month mov-
ing mean SST anomaly for the Niño 3.4 region (5°S–5°N, 
170°–120°W), was used to identify the El Niño and La Niña 
events in the tropical Pacific. El Niño and La Niña were 
defined as SST anomaly higher than + 0.5 °C or lower than 
− 0.5 °C, respectively, lasting longer than 5 months. The 
selected El Niño years were 1951, 1953, 1957, 1963, 1965, 
1972, 1982, 1987, 1991, 1997, 2002, 2004, 2009, and 2015. 
The La Niña years were 1954, 1955, 1964, 1970, 1971, 1973, 
1977, 1988, 1998, 1999, 2000, 2007, 2010, and 2011. The 
PDO was defined by the leading principal component of 
monthly SST anomalies in the North Pacific basin (typically, 
poleward of 20°N; https:// www. ncdc. noaa. gov/ telec onnec 
tions/ pdo). The annual ENSO and PDO indices were obtained 
by averaging the June–November data.

The outgoing longwave radiation (OLR), vertical wind 
shear (VWS), and relative vorticity (VOR), which are rep-
resentative environmental variables associated with the TC 
genesis, were used to analyze the large-scale atmospheric 
environment affecting TC activity. The VWS was calcu-
lated as:

where u200 and v200 (u850 and v850) indicate zonal and 
meridional winds at 200 hPa (850 hPa), respectively. The 
relative VOR at 850 hPa was calculated as:

where ζ is the relative VOR  (s− 1), x and y are the indices 
along with the longitude and latitude directions, i and j are 
the grid indicators along with x and y directions of atmos-
phere data, and u and v are two components of the zonal and 
meridional winds, respectively (Holton 2004).

In order to quantitatively compare TC genesis environ-
ments between El Niño and La Niña in the defined region 
(Table 1), the above atmospheric variables are averaged 
using the climatological TC frequency density at each point 
as a weight. This allows the comparison to focus more on the 
area associated with the TC genesis. The significance tests 
for the difference and correlation between two variables were 
performed with the Student’s t-test (Wilks 2006). The linear 
regression equation in Table 2 is constructed using a deter-
ministic way based on ordinary least squares, in which the 
predictor (the independent variable, x) is the ENSO index 
and the predictand (y) is TC frequency. Here, y values less 
than 0 are set to zero.
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3  Results

3.1  Relationship Between ENSO and TC Frequency 
in the WNP

On an interannual time scale, ENSO is well known to be 
one of the main factors in modulating the variability of 
TCs in the WNP (Jang and Ha 2008; Zhao et al. 2011; 
Zhao and Wang 2019). The interannual ENSO variability 
causes changes in the large-scale environmental conditions 
related to the TC genesis frequency and location in the 
WNP by affecting the monsoon trough, the North Pacific 
High, and the intertropical convergence zone (Ho et al. 

2004; Kang et al. 1995; Chan 2000; Wang and Chan 2002; 
Camargo and Sobel 2005; Sobel and Camargo 2005; Chan 
2008; Kug et al. 2009, 2010; Wang et al. 2013). Specifi-
cally, ENSO changes the locations of tropical convection, 
generating an anomalous Walker circulations (Kim et al. 
2011; Gray 1979; Lin et al. 2020)—anomalous ascend-
ing (descending) motion in the central (western) tropical 
Pacific during El Niño. Therefore, the anomalous low-level 
westerly wind with deep convection is strengthened in the 
Central Pacific region, which in turn leads to a decrease in 
vertical wind shear, and positive relative vorticity at low-
level troposphere during El Niño. These environments can 
enhance TC genesis in the southeastern quadrant of the 

Table 1  Comparison of tropical 
cyclone frequency, outgoing 
longwave radiation (OLR), 
vertical wind shear (VWS), and 
relative vorticity at 850 hPa 
(VOR) in the proxy region of 
the western North Pacific during 
the 1951–1984/1985–2018 El 
Niño and La Niña periods

All variables are averaged using the climatological TC frequency density at each point as a weight. The 
tropical cyclone frequency was obtained from the Joint Typhoon Warning Center and Japan Meteorology 
Agency (in parentheses) best track data in IBTrACS. The El Niño and La Niña years are indicated in the 
Methods section. The significance of the difference (p-value) was analyzed with the Student’s t-test

1951–1984 1985–2018

El Niño La Niña Difference El Niño La Niña Difference

TC frequency 40 (37) 18 (11) 22 (26) 47 (43) 2 (1) 45 (42)
OLR (W  m− 2) -2.0 2.2 -4.2

(p = 0.041)
-3.1 3.1 -6.2

(p = 0.031)
VWS200 (m  s− 1) -0.4 1.0 -1.4

(p = 0.090)
-0.6 1.7 -2.3

(p = 0.012)
VOR850  (10− 6  s− 1) 2.9 -0.9 3.9

(p = 0.015)
3.8 -1.1 4.9

(p < 0.01)

Table 2  Comparison of the 
number of TCs estimated by a 
linear regression and the JTWC 
best track in the proxy region 
during 1951–1984

Year 1951 1952 1953 1954 1955 1956 1957 1958 1959 1960 1961 1962 1963

Best track 2 2 5 6 3 1 8 5 3 3 1 5 4

Estimation 6 3 5 1 0 2 7 5 3 4 3 3 6

Difference 4 1 0 -5 -3 1 -1 0 0 1 2 -2 2

Year 1964 1965 1966 1967 1968 1969 1970 1971 1972 1973 1974 1975 1976

Best track 4 6 2 4 10 2 2 2 9 0 2 1 5

Estimation 1 7 3 3 5 5 1 1 7 0 2 0 5

Difference -3 1 1 -1 -5 3 -1 -1 -2 0 0 -1 0

Year 1977 1978 1979 1980 1981 1982 1983 1984

Best track 1 5 1 5 4 6 1 4

Estimation 5 2 4 4 3 7 3 2

Difference 4 -3 3 -1 -1 1 2 -2

Red and blue bolds represent the El Niño and the La Niña years, respectively. Black bolds indicate that 
the difference in TC frequency between the estimate and the best track is 3 or more
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WNP during El Niño. Conversely, during La Niña, favora-
ble environmental conditions for TC formation are formed 
in the northwest quadrant of the WNP (Chan 2000).

Figure 1 compares the large-scale environmental condi-
tions and TC genesis patterns in the El Niño and La Niña 
phases during 1985–2018, in which the period is limited 

to after 1985 to compare the most reliable TC data period 
(1985–2018) with the less reliable period (1951–1984), 
discovered later in this paper. The figures clearly show 
the regional differences in both the environment and TC 
genesis during the two phases. The southeastern quadrant 
of the WNP during the El Niño years provides favorable 

Fig. 1  Spatial distribution of the large-scale environments in the El 
Niño and La Niña phases during 1985–2018 based on monthly mean 
reanalysis data from the National Centers for Environmental Predic-
tion-National Center for Atmospheric Research. (a-c) indicate mean 
outgoing longwave radiation, (d-f) are vertical wind shear, (g-i) are 
relative vorticity at 850 hPa, and (j-l) are stream line (arrow) and geo-
potential height (shading) at 850 hPa. All variables are averaged for 
peak TC seasons (JJASON) during the El Niño (left panel) and La 

Niña (middle panel) years. The differences are presented in the right 
panel. The units are W  m− 2 (OLR), m  s− 1 (VWS),  10− 6  s− 1 (VOR), 
and gpm (geopotential height). The black dots indicate TC genesis 
locations during the El Niño and La Niña years. The small dots in 
(c), (f), and (i) indicate significance at the 95 % confidence level. The 
black box (145–170°E, 4–17°N) represents the proxy region used in 
this study. In (d), abbreviations of ‘AC’ and ‘AA’ represent ‘anoma-
lous cyclone’ and ‘anomalous anticyclone’, respectively
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environmental conditions for TC genesis, such as low outgo-
ing longwave radiation (OLR, Fig. 1a and c), low vertical 
wind shear (VWS, Fig. 1d and f), positive relative vorticity 
(VOR, Fig. 1g and i), and strong low-level westerly anoma-
lies with anomalous cyclone (AC; Fig. 1j and l). This leads 
to the formation of more TCs in the southeastern quadrant 
region of the WNP (see the black dots in the left panels in 
Fig. 1). During the La Niña years, since the southeastern 
quadrant region of the WNP is under the influence of anoma-
lous anticyclone (AA; Fig. 1k and l), TCs occur mainly at 
the edges of anomalous anticyclone (AA), i.e., the Philip-
pine Sea and the South China Sea (see the black dots in the 
middle panels in Fig. 1).

Regional TC genesis pattern in the WNP is influenced 
by ENSO, but the total TC genesis frequency in the entire 
WNP is not sensitive to ENSO (Kang et al. 2019), resulting 
in a relatively low correlation (Fig. 2). The correlation coef-
ficients between the ENSO index and TC frequency were 
0.30 (p = 0.090) and 0.16 (p = 0.367) for the JTWC and JMA 
best track data, respectively. This indicates that the total TC 
count in the WNP cannot be used as a climate proxy for 
evaluating TC data quality.

Unlike the total TC count, the regional TC count is very 
sensitive to the ENSO. In particular, in the southeastern 
quadrant (145–170°E, 4–17°N) of the WNP (square box in 
Fig. 1), there were clear differences in the number of TC 
genesis between El Niño and La Niña. According to the 
1985–2018 JTWC data, there were 47 TC occurrences dur-
ing the El Niño years and 2 during the La Niña years in this 
region. The corresponding JMA data indicated 43 instances 
during El Niño and 1 during La Niña (Table 1). The sig-
nificant difference in the mean large-scale environment (i.e., 
OLR, VWS, and VOR) between El Niño and La Niña in the 
region explains why the number of TC genesis in the region 

differs greatly depending on the ENSO phase (Fig. 1c, f, and 
i; Table 1). Analysis reveals that the correlations between 
TC frequency in this region and the ENSO index is very 
high: r = 0.81 and 0.86 for the JTWC and JMA, respectively 
(p < 0.01; Fig. 3a), indicating that the TC frequency in the 
region and the ENSO are closely related.

The southeastern quadrant of the WNP is not a major 
TC occurrence region and only accounts for 15.7 % of the 
WNP’s annual TC. However, since this region is far from 
land and is not a major route for ships, accurate TC observa-
tions may be the most difficult in the pre-satellite era. This 
suggests that if TCs are well detected in this area, there is 
a high probability that they are well detected in other areas 
(vice versa). Therefore, the southeastern quadrant of the 
WNP can be a key area for evaluating the quality of histori-
cal TC data. Because of the high sensitivity to the ENSO 
and the geographical challenges in TC detection, we used 
the southeastern quadrant of the WNP (145–170°E, 4–17°N) 
as a proxy to evaluate the reliability of the best track data. 
In the following sections, we evaluate the quality of histori-
cal WNP TC frequency data using the proxy, estimate the 
most reliable period of WNP TC data, and reproduce TC 
frequency for less unreliable period.

3.2  Estimations of the Reliability of Best Track Data 
Through a Climate Proxy

The reliability of best track data was evaluated based on 
the proposed climate proxy, i.e., the relationship between 
the ENSO and TC frequency in the southeastern quadrant 
of the WNP. Figure 4 shows the time series of the 11-year 
moving correlations between TC frequency in the proxy 
area and the ENSO index from 1951 to 2018 (68 years), 
indicating a clear difference in the patterns before and 

Fig. 2  Time series of TC frequency anomaly in the entire WNP and 
ENSO index during 1985–2018. TC frequency anomaly (left axis; 
lines) is obtained for peak TC seasons (JJASON). The red and blue 
lines represent JTWC and JMA best track data in IBTrACS, respec-

tively. The ENSO index (right axis; gray shading) is averaged from 
June to November. The correlation coefficients (r) between the TC 
frequency (FREQ) and the ENSO index and their p-values are indi-
cated at the top-right corner
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Fig. 3  Time series of TC 
frequency anomaly in the proxy 
region and ENSO index. TC 
frequency anomaly (left axis; 
lines) and ENSO index (right 
axis; gray shading) are obtained 
for the TC peak season (JJA-
SON) during (a) 1985–2018 
and (b) 1951–1984. The red 
and blue lines represent JTWC 
and JMA best track data in IBT-
rACS, respectively. The correla-
tion coefficients (r) between the 
TC frequency (FREQ) and the 
ENSO index and their p-values 
are indicated at the top. The red 
and blue filled circles indicate 
the El Niño and La Niña years, 
respectively

Fig. 4  The 11-year moving correlation between ENSO index and TC 
frequency in the proxy region. The red and blue lines represent corre-
lation coefficients using JTWC and JMA best track data in IBTrACS, 
respectively, during the 1951–2018 TC peak seasons (JJASON). The 
filled red and blue circles indicate statistical significance at the 95 % 

confidence level. The time series of PDO index (right axis) is plotted 
at the bottom of figure, in which values are averaged from June to 
November. Blue and red shadings represent cold (C) and warm (W) 
phase of PDO, respectively. The vertical black line represents 1985. 
The 1985 year is calculated for 1980–1990



Evaluation of the Reliability of Tropical Cyclone Data Using ENSO  

1 3Korean Meteorological Society

after the early-1980 s. All the years since the early-1980 s 
have statistically significant correlations (greater than 
0.7) at the 95 % confidence level. However, prior to the 
early-1980 s, there is no lasting significant correlations 
for the both sets of best track data. The moving correla-
tions do not provide a year-by-year relationship, so we 
took a closer look at the variations in the two time series 
in Fig. 3. The result shows that the variations matched 
well since 1985, suggesting that the period with the most 
reliable TC frequency data began in 1985. To confirm 
this result, we calculated correlations between ENSO 
index and TC frequency in the proxy area by increasing 
the analysis period by one year from 1987 (See Supple-
mentary Fig. S1). The result shows that the correlation 
decreased abruptly from 1984, which further supports that 
the most reliable period starts in 1985. In fact, in some 
years prior to 1985, including from 1972 to 1976, there 
was a good relationship between TC frequency and ENSO 
for the two best track data, but the discontinuity makes it 
difficult to trust the pre-1985 data.

In particular, a closer examination reveals that in two 
La Niña years (1954 and 1964), the number of TC occur-
rences in the region was above average in the JTWC data 
(see red line with blue filled circles in Fig. 3b). This dif-
fers from the pattern in which TC occurrences have been 
below average for all La Niña years since 1985 without 
exception (see red line with blue filled circles in Fig. 3a). 
In two El Niño years (1951, 1963), these conflicting pat-
terns were also found in the JMA data (see blue line with 
red filled circles in Fig. 3b). These years appear to have 
mainly reduced the correlation between TC frequency 
and the ENSO prior to 1985. A comparison of the total 
number of TC occurrences in the proxy region━40 (37) 
during the El Niño years and 18 (11) during the La Niña 
years in the JTWC (JMA) data (Table 1)━also indicates 
that unlike after 1985, the regional TC count did not 
heavily depend on the ENSO in the pre-1985 best track 
data.

Why did the relationship between TC frequency in the 
proxy region and the ENSO change significantly before 
and after 1985? There are two possible scenarios that 
are likely responsible. First, the assumption that El Niño 
creates a favorable environment and La Niña an unfa-
vorable one for TC genesis in the proxy region might not 
have been valid before 1985 due to the possible influence 
of long-term climate variability such as the PDO and 
global warming. Second, the environment that favors TC 
genesis has not changed. Instead, as was hypothesized, 
because of the difficulties in TC detection in the pre-
satellite era, the annual TC count in the proxy region 
was incorrectly estimated. In the next section, we will 
discuss which scenario is more appropriate with addi-
tional analysis.

3.3  Effects of Global Warming and Long‑term 
Variability on ENSO‑TC Frequency Relationship

The low correlation between the ENSO and TC frequency 
prior to 1985 could be the result of the change in the large-
scale environment during the El Niño and La Niña years. 
That is, unlike the post-1985 situation, El Niño and La Niña 
might not have created favorable or unfavorable conditions, 
respectively, for TC genesis in the proxy region prior to 
1985. To check the possibility, the pre- and post-1985 large-
scale conditions in the proxy region during El Niño and La 
Niña were compared. Figure 5 shows the pre-1985 differ-
ences in OLR, VWS, VOR, and stream line with geopoten-
tial height at 850 hPa (SF850) between El Niño and La Niña, 
illustrating the significant differences in the environment in 
most proxy regions during the two periods. As we mentioned 
earlier, it is important to note that the spatial patterns in the 
differences were very similar to those after 1985 (Fig. 1c, 
f, i, and l). A comparison of the mean values in the proxy 
area (Table 1) shows the distinct differences in all variables 
between El Niño and La Niña for both the pre- and post-
1985 periods. This confirms the fact that El Niño (La Niña) 
continues to create favorable (unfavorable) conditions for TC 
genesis in the proxy region before 1985. Note that this study 
compares environmental variables only using NCEP-NCAR 
R1 reanalysis data because other reanalysis datasets, such as 
the NCEP-Department of energy reanalysis data II (NCEP-
DOE R2; Kanamitsu et al. 2002) and the state-of-the-art the 
fifth generation of the European Centre for Medium-Range 
Weather Forecasts (ECMWF) reanalysis data (ERA5; Hers-
bach et al. 2019), do not exist for all periods (1951–2018) 
we analyzed. To check the reliability of the reanalysis data 
we used, we compared the same environmental variables 
using NCEP-NCAR R1, NCEP-DOE R2, and ERA5 for the 
post-1985 period when all three datasets exist, which shows 
high similarity among the datasets (not shown).

This study did not compare the thermodynamic condi-
tions between El Niño and La Niña, such as SST, which is 
known to influence TC activity (Mann and Emanuel 2006; 
Holland and Webster 2007). In fact, the change in the corre-
lation between TC frequency and the ENSO before and after 
1985 could have been affected by the WNP SST changes, 
which are related to global warming (Stowasser et al. 2007; 
Yeh et al. 2010; Yang et al. 2018) and long-term variabil-
ity such as PDO (Liu and Chan 2008; Maue 2011; Wang 
and Liu 2015; Kim et al. 2020). However, SST has been 
known to affect TC intensity rather than frequency in the 
WNP (Bengtsson et al. 1996; Landsea et al. 1996; Chan and 
Shi 1996). Indeed, during 1960–2003, when SST increased 
in the WNP, TC intensity significantly increased; however, 
the number of TC genesis occurrences decreased (Chan and 
Liu 2004). According to Graham and Barnett (1987), an 
SST greater than 28 °C creates thermodynamic conditions 
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Fig. 5  Same as Fig. 1c, f, i, and 
l, but for 1951–1984
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that are sufficient for TC occurrences. This suggests that 
under these conditions, the higher the SST, the more TC 
genesis is not guaranteed. In the proxy area, the ERSST data 
shows that the mean SST (29.29 °C) after 1985 was about 
0.37 °C higher than that (28.92 °C) before 1985. However, 
this change will not affect the relationship between TC fre-
quency and the ENSO because the mean SST in both periods 
was greater than 28 °C.

Zhao and Wang (2019) argued the frequency and loca-
tion of TC occurrences in the WNP changed due to the PDO 
phase shift around 1977 and 1997. This suggests that the 
changes in the pre- and post-1985 correlations between TC 
frequency in the proxy area and the ENSO could also have 
been caused by long-term variability such as PDO. In fact, 
from the regression map of SST against the 11-year mov-
ing correlation between ENSO index and TC frequency in 
the proxy area (Supplementary Fig. S2b), we found that the 
post-1985 pattern was similar to PDO. This means that the 
ENSO-TC frequency relationship has long-term variability 
similar to PDO. Prior to 1985, we also found a weak corre-
lation (r = 0.35, p < 0.01) between the time series PDO and 
the 11-year moving correlation in Fig. 4 and resultantly a 
slightly higher (lower) correlation on average during the pos-
itive (negative) PDO phase. However, all correlations prior 
to 1985 remained higher than 0.7 (significant at the 95 % 
confidence level) even during the negative PDO phases. This 
means that the PDO can influence the correlation between 
ENSO and TC frequency depending on its phase, but not the 
extent that it significantly changes the correlation.

Unlike the post-1985 pattern, the pre-1985 regres-
sion map did not resemble any known climate mode (see 
Fig. S2a). If the low pre-1985 correlations in Fig. 4 were 
a result of long-term variability, then the regression maps 
before 1985 and after 1985 should have been similar. The 
inconsistency between the two regression maps in the pre- 
and post-1985 periods suggests that the insignificant correla-
tions in some years before 1985 were not due to the natural 
variability of the low-frequency time scale.

4  Discussion

Magee et al. (2016) suggested that the missed and misde-
tected TCs might have contributed to approximately 50 % 
of the pre-1960 best track data and since then, the number 
of TCs have been reduced by about 30 % when using radar 
for TC observation. In addition, they estimated that the 
missed and misdetected TCs decreased by approximately 
15 % after the use of polar-orbiting satellites in the early 
1970 s. Since the late 1970 s, geostationary satellite imagery 
with improved spatial/temporal resolution and scanning/
viewing angle from satellite subpoint has been used for TC 
observation, greatly improving the accuracy of TC genesis 

and intensity estimation (Velden et al. 2006; Kossin 2018). 
However, there were still missing storm in the first few years 
of the record (from the late 1970 s to early 1980 s) owing to 
limited geostationary data availability (Kossin et al. 2013). 
On the other hand, Kang and Elsner (2012a) compared the 
characteristics of TC climatology for the JTWC and JMA 
data, and found that the two data prior to 1984 lack reli-
ability due to the diagnostic discrepancies. The Dvorak 
technique was invented in 1972, but a quantitative infrared 
method and routine use worldwide began in 1984, which 
may also have affected the temporal changes in TC data reli-
ability (Kang and Elsner 2012a). Based on cross-validation 
between the JTWC’s annual tropical cyclone reports and the 
archives, Chu et al. (2002) also reported that the quality of 
TC data was high from 1985, thus urging users to use older 
data with caution. These previous studies partially support 
our conclusion that the period with the most reliable TC 
data began in 1985.

Another possible reason for the degradation of the 
accuracy of the early best track data may be related to the 
challenges in the detection and classification of weak TCs 
(Landsea et  al. 2010; Landsea 2017). Weak TCs have 
been found to be more difficult to observe because of poor 
structures, especially in the open seas, at a time when 
geostationary satellites and the Dvorak technique were 
not routinely available (Moon et al. 2019). Specifically, 
distinguishing tropical depressions (TDs, lifetime maximum 
intensity < 17 m  s− 1) and tropical storms (TSs, 17 m  s− 1 
≤ lifetime maximum intensity < 33  m  s− 1) might have 
been more difficult in the pre-geostationary-satellite era. 
The classification of TDs and TSs is very important for 
the accurate determination of TC frequency because only 
TCs with a TS or higher rank are included in the annual TC 
frequency data. This suggests that an inaccurate classification 
of TDs and TSs can lead to the miscount of the TC frequency.

To examine such a possibility, we analyzed the varia-
tions in the number of TDs and TSs that survived for 2 or 
fewer days during the past 68 years using IBTrACS–JTWC 
data (Fig. 6). This indicates that there were 51 TSs before 
1985 (34 years total, P1) and only 16 since 1985 (34 years, 
P2) during the same period (the averages are 1.5 and 0.5, 
respectively, which is an approximately 300 % decrease). 
This striking change was also found in the number of TDs 
in the opposite direction. Before 1985, there were only 11 
TDs; however, after 1985, there were 54 (the averages are 
0.3 and 1.6, respectively, which is an approximately 530 % 
increase). These large changes in the TS and TD frequency 
around 1985 are far beyond any known climate variabil-
ity, especially when compared with the small change of 
7.2 % (16.3 before and 15.2 after 1985) that was found in 
the number of strong storms with speeds greater than 33 m 
 s− 1 during the same period. We know that only some of the 
TDs develop into TSs, while others end in short lifetimes 
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(Kerns and Chen 2013). This explains why 70 % (54 of 70) 
of short-lived TCs (less than 2 days) were TDs after 1985. 
Conversely, the fact that prior to 1985, 82 % (51 of 62) of 
short-lived TCs were TSs suggests that many TDs might 
have been classified as TSs due to the difficulty in distin-
guishing between TDs and weak TSs. These results support 
the hypothesis that the accuracy of the early best track data 
had been degraded because of weak TCs.

5  Summary and Conclusion

This study has proposed a new method to quantitatively 
evaluate the reliability of TC best track data by using a cli-
mate proxy based on the relationship between the ENSO and 
the TC frequency in the southeastern quadrant of the WNP. 
From applying this method to JTWC and JMA best-track 
data, we found that the most reliable period for both TC fre-
quency data begins in 1985. Analysis also suggests that the 
cause of unreliability during the earlier period is related to 
the technical difficulties in detecting and classifying poorly 
organized weak TCs (TDs and TSs).

Here we suggest the most reliable period of the two 
well-known best-track TC frequency data, but care should 
be taken in interpreting and applying these results. First, 
our proxy region is not a major TC occurrence region, 
only accounting for 15.7 % of the WNP’s annual TC, but 

the TC count there will significantly affect the variation of 
the annual WNP TC frequency since the annual mean TC 
frequency (3.5) in the proxy region is not trivial compared 
to the standard deviation (4.7) of the annual WNP TC fre-
quency. Therefore, researchers should be cautious when 
using the pre-1985 WNP TC frequency data for climate 
variability studies. Second, our result does not imply that 
one should not use all TC data in the pre-1985. Since the 
annual TC frequency is likely to be miscounted mostly for 
weak TCs prior to 1985, the analysis of stronger TCs with 
a maximum intensity of 33 m  s− 1 or more will not be sig-
nificantly affected by the accuracy problem. In addition, our 
suggestion for reliable period will not be directly applicable 
for other TC genesis basins and other TC metrics such as 
storm translation speed, intensity, and location of lifetime 
maximum intensity.

Our results can be extended to other studies. For example, 
using the relationship between ENSO and TC frequency in 
the proxy area after 1985, we constructed a linear regres-
sion equation and then restored TC frequency before 1985 
(Table 2). The comparison of estimates and best track data 
reveals that a total of 9 years (1951, 1954, 1955, 1964, 
1968, 1969, 1977, 1978, 1979) differed by at least 3 in TC 
frequency. Further research may need to be investigated 
whether the number of TC for those years is accurately esti-
mated in the proxy region, especially for weak TCs. This 
will provide clues to finding the cause of the relatively low 
correlation periods prior to 1985 in Fig. 4. These continuous 
evaluations of the reliability of TC data and restorations of 
historical TC data will contribute to detecting a more solid 
relationship between TCs and climate variability in future 
studies.

The present study focused on the JTWC and JMA best 
track data in the WNP. However, the method evaluating TC 
data reliability can be applied to other basins and best track 
data when an appropriate proxy is found. This can be also 
explored in future research.
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