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Abstract There were significant discrepancies in the
intensity estimations of Super Typhoon Lekima (2019)
among the China Meteorological Administration (CMA),
the United States Joint Typhoon Warning Center (JTWC),
and the Japan Meteorological Agency (JMA) data sets,
with a maximum difference of over 12 m/s and 16 m/s
between the JTWC data set and the CMA and JMA data
sets, respectively. During the intensification phase, dis-
agreement on the maximum sustained wind (MSW)
between these agencies was due to the use of different
conversion tables for the current intensity number (CI)
estimated by Dvorak technique-MSW. In addition, CI
discrepancies and different available observational data
were also important contributors to the different intensities
estimated during the Lekima’s decay phase before landfall.
The ability of various methods to minimize these
discrepancies was evaluated in this study. Both the linear
factor multiplication method and the remapping method
using the same CI-MSW conversion table have substan-
tially abilities to reduce intensity discrepancies, with the
latter method being more effective. However, these
improvements only hold for the intensification phase in
the ocean. The CMA data set had more complete and
accurate intensity estimations when Lekima made landfall
in China. After its landfall, the intensity estimate of the
CMA was comparable to that of the JMA, which differed
greatly from that of the JTWC.

1 Introduction

Given the serious damage to people and the economy
caused by tropical cyclones (TCs), many operational
centers provide TC best track database. For TCs occurring
in the North-west Pacific, best track data sets including

information on TC intensity and location are provided by
four forecast centers, namely the Shanghai Typhoon
Institute of China Meteorological Administration (CMA/
STI), the Hong Kong Observatory (HKO), the United
States Joint Typhoon Warning Center (JTWC), and the
Japan Meteorological Agency (JMA). Tropical cyclone
(TC) intensities recorded in the best track data are defined
as the maximum sustained wind (MSW) at 10-m height
and the minimum sea-level pressure (MSLP).
Previous studies found significant discrepancies

between the historical best track data sets of these agencies
and have investigated the differences in their TC intensity
trends (Wu et al., 2006; Song et al., 2010; Ying et al., 2011;
Kang and Elsner, 2012). Song et al. (2010) found an
increasing trend in the annual frequency of strong TCs
during 1977–2007 in the JTWC data set, but decreasing
trends in the CMA and JMA data sets; this was later
confirmed by Ren et al. (2011). Yeung (2006) andWu et al.
(2006) also found that there was no increase in the activity
of intense TCs in the JMA and HKO data sets, in contrast
to the JTWC data set. Other literature has focused on mean
interagency discrepancies in different decades (Yu et al.,
2007; Knapp and Kruk, 2010; Ren et al., 2011;
Barcikowska et al., 2012). Ren et al. (2011) noted that
TC intensity discrepancies were smallest between the
CMA, JTWC, and JMA data sets during 1973–1987,
whereas large discrepancies occurred during other periods.
The TC intensity was overestimated during the period prior
to the early 1970s in the CMA best track data set, but was
overestimated in the JTWC data set after the termination of
aircraft observations. Yu et al. (2007) compared the data
sets of the CMA, JTWC, and JMA and found that there
were remarkable intensity discrepancies, with a maximum
difference for the same TC of more than 30 m/s.
Given the obvious intensity discrepancies between these

data sets, the reasons for these differences need to be
discussed and documented. Previous studies have found
that the differences in the MSW estimation between these
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agencies are the result of at least two factors (Knapp and
Kruk, 2010; Song et al., 2010). One factor is that the
MSWs are averaged over different time intervals. The
MSWs in the JTWC data set are averaged over a 1-min
period, while MSWs in the JMA and CMA best track data
sets are calculated by averaging the wind speed over a 10-
min and 2-min period, respectively. The other factor is that
different principles and input observational data are used
by these operational centers to determine the MSW.
Previous studies comparing TC intensity data sets have

mostly focused on long-term trends and average discre-
pancies over different decades. However, the observational
techniques and analysis procedures for intensity estima-
tions have varied during the last several decades. For
example, the wind-pressure relationship (WPR) suggested
by Knaff and Zehr (2007) has replaced that of Atkinson
and Holliday (1977) for operational TC intensity estima-
tions at the JTWC since 2007 (U. S. Fleet Weather Facility,
2007; Bai et al., 2019). The CMA improved the
operational flow of TC intensity estimations and adopted
the technique of Dvorak (1984) recommended by the
World Meteorological Organization since 2013 (Xu et al.,
2015). Therefore, it is necessary to compare interagency
differences in intensity estimations of the TCs that have
occurred in recent years and to analyze the reasons for
those differences.
This study concentrates on Typhoon Lekima (2019),

which made landfall in China three times. The first and
most devastating landfall was in the Zhejiang Province at
17:45 UTC on 9 August 2019, with observed peak
instantaneous wind speeds of 61.4 m/s and a 2-min
averaged maximum wind speed of 50.5 m/s near the
landfall location. It brought strong winds and heavy
rainfall to coastal provinces from the Fujian Province up to
the Heilongjiang Province (Yu and Chen, 2019). This
paper answers the following questions to better understand
the interagency discrepancies in intensity estimations of
Lekima:
1) What are the interagency differences in MSW during

the different phases of Lekima?
2) Do differences in the analysis and operating

procedures between agencies account for these MSW
differences? Are there some methods that can decrease
interagency discrepancies in TC intensity estimations?
We note that previous studies discussing the intensity

discrepancies in different best track data sets did not

separate the samples into those occurring over water and
over land. However, different procedures are performed
depending on whether TCs are located over land or oceans,
because of the different available observational data. The
MSW is usually estimated based on satellite images over
the open ocean area, since buoys and other in situ
observations are unavailable. However, TC intensity over
land is estimated based on surface station observations. For
offshore TCs, the intensity is usually analyzed using
several sources of data, including in situ observations,
radar data, and satellite images. In this study, we therefore
split the best track data according to when Lekima was
over the ocean and over the land to better understand how
interagency differences in its estimated intensity can be
reduced.

2 Data and methods

The TC best track data sets used here are provided by the
CMA/STI (available at CMA Tropical Cyclone Data
Center website), the JMA (available at Japan Meteorolo-
gical Agency), and the JTWC (available at The Tropical
Cyclone Best Track Data Site of JTWC website). The
JTWC data set contains the TC center, MSW, and MSLP at
6-h intervals during the whole lifespan of Lekima. The
JMA data set includes 6-hourly track and intensity
analyses of MSW and MSLP, except from 18:00 UTC on
7 August to 00:00 UTC on 9 August, when the data are at
3-h intervals. The CMA track and intensity records of
MSW and MSLP are 3-hourly from 24 h before Lekima’s
landfall in China to the time it moves away from China;
otherwise, the time interval is 6-hourly. The MSW values
in the CMA and JTWC data sets are recorded when the
intensity reaches that of a tropical depression (TD),
whereas the JMA does not include MSW values for TDs.
In addition, the CMA also provides specialized informa-
tion for TCs that make landfall in China, including the TC
number, landfall time, landfall location, and the intensity at
landfall in terms of MSWandMSLP. For example, Lekima
(TY Number 1909), made landfall in China three times:
first in the Zhejiang Province, with a MSW of 52 m/s, a
number 16 on the Beaufort scale, and a MSLP of 930 hPa,
and then twice in the Shandong Province, with MSWs of
23 m/s, and a MSLP of 980 hPa and 984 hPa, respectively
(Table 1).

Table 1 Landfall information for Lekima (2019) in the CMATC database

TY number
Landfall events Location of landfall

(County, Province)
Data and time

(mmddhhnn/UTC)

Intensity at landfall

Total No. BS m/s hPa

1909 3 1 Wenling, Zhejiang 08091745 16 52 930

3 2 Qingdao, Shandong 08111250 9 23 980

3 3 Changyi, Shandong 08120300 9 23 984

Note: BS = Beaufort scale.
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Over the open ocean, TC location and intensity
estimations primarily depend on satellite data analysis,
including infrared/visible cloud image and microwave data
(Dvorak, 1975, 1984; Olander et al., 2004; Olander and
Velden, 2007; Lu and Yu, 2013; Lu et al., 2019). Among
the various techniques, the Dvorak technique (Dvorak,
1975, 1984; Velden et al., 2006) has been the primary
method used to estimate TC intensity for more than 40
decades. The procedure is as follows. First, a T-number is
derived based on the cloud patterns in satellite images.
Then a current intensity (CI) number is determined from
the T-number using procedural rules which reduce the
daily variation in TC intensity. Lastly, the MSLP and
MSW are estimated by using a conversion table between
CI number and TC intensity. However, the analysis
procedures used to estimate the CI from satellite data are
different in some details between different operational
centers. In addition, the CI–MSW conversions were also
established independently at each operational agency. The
JTWC adopted the CI–MSW conversion table originally
used by Dvorak (1984). The JMA designed a new
conversion table (Koba et al. 1991) that transfers CI
parameters directly to the 10-min MSWand MSLP. Before
2013, the CMA established a method similar to the original
Dvorak approach (Group of Satellite Imagery Analysis,
1980a, b) to estimate TC intensity, which used a CI–MSW
conversion table calculated from real-time satellite image
analyses (Ying et al., 2014). The standard Dvorak
technique (Dvorak, 1984) has been adopted by the CMA
since 2013 (Xu et al., 2015). The CI–MSW conversions
were changed based on the reanalysis of the relationship
between CI number and MSW values of the historical
CMA TC best track data set. The CI–MSW conversions
used by the JTWC, JMA, and CMA are shown in Fig. 1. In
addition, the MSLP in the CMA and JTWC data sets are
obtained according to a WPR. The JTWC has adopted the
WPR suggested by Knaff and Zehr (2007) since 2007. The
CMA have changed the WPR twice, once in 1972 and

again in 2013 (Ying et al., 2014; Xu et al., 2015). The
MSLP in the JMA data set is obtained via a CI–MSLP
conversion table (Koba et al. 1991).
Both the MSW and MSLP in the CMA data set are

determined using surface station observations when TCs
are over land in China. For offshore TCs, the intensity is
usually estimated by taking all the collected data into
consideration, including surface observations, radar data,
satellite images, and buoy data. In 2012, the number of
national reference climatological surface stations and
automatic weather stations in China increased to 2411
and 31819, respectively (Liu, 2015). The Doppler radar
network covers the entire land area and coastal waters of
China impacted by TCs (Ying et al., 2014). However, the
number of surface weather stations participating in
international exchange activities is less than 50 in the
coastal provinces and cities of China (CMA, 2012). The
JTWC and JMA estimate the intensity of TCs near the
coast of China primarily based on satellite analysis.
To evaluate the intensity estimations of these three data

sets, we used additional objective TC intensity estimation
techniques as a reference. The advanced Dvorak technique
(ADT), developed by the Cooperative Institute for
Meteorological Satellite Studies (CIMSS) (available at
CIMSS website), is a widely used objective algorithm for
calculating TC intensity. The ADT strives to reduce the
subjective analysis procedure and extend the method
beyond the original Dvorak technique (Olander and
Velden, 2007). The digital Dvorak intensity estimates
(DDIE) developed by Zehr (1989) is another objective
technique using enhanced infrared satellite data. It was
found that the DDIE method performs effectively when
TCs are well-organized when TCs are strong and well-
organized. (available at Regional and Mesoscale Meteor-
ology Branch website). We also used ASCAT surface wind
data (available at NOAA website) to evaluate which data
sets provide more accurate MSWestimations. We used the
ASCATocean surface winds with a spatial resolution of 25
km (Sivareddy et al., 2013). The wind speed range is 0–50
m/s, but the data are generally less reliable when wind
speeds exceed 25 m/s (OSI SAF, 2019).

3 Quantifying interagency differences in
the intensity of Lekima throughout its deve-
lopment

The intensity estimations by the JMA, CMA, and JTWC
displayed different characteristics as Lekima developed.
We therefore divided its life cycle into four intensity phases
to discuss the differences between the three data sets
(Fig. 2). Phase 1 was the formation stage (06:00 UTC on 2
August – 12:00 UTC on 4 August), when it developed
from a tropical disturbance (TD) to a tropical storm (TS)
with a MSW of 17.2 m/s. Lekima began as a TD located
approximately 1000 km east of the Philippine in the

Fig. 1 Conversions for the Dvorak-derived CI number and
MSW used by the CMA, JTWC and JMA. The blue line for CI
numbers less than 4 is hidden behind the green line.
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western North Pacific before moving north-westward.
Using the JMA data set, Lekima intensified to a TS at
06:00 UTC on 4 August in the JMA data set, 6 h earlier
than that in the CMA and JTWC data sets.
Phase 2 was the intensification phase (18:00 UTC on 4

August to 12:00 UTC on 8 August), defined as the period
when Lekima went from being of TS intensity to reaching
its peak MSW. In this phase, Lekima traced the south-
western edge of a subtropical high, moving steadily to the
north-west. The environmental conditions were favorable
for TC development, and Lekima reached TY intensity
(MSW> 32.6 m/s) on the evening of 7 August. During the
next 36 h, Lekima intensified rapidly due to the favorable
environment, which included a warm sea surface tempera-
ture, low vertical wind shear, and near-radial outflow.
Lekima reached its peak intensity at 12:00 UTC on 8
August, located approximately 300 km east of Taiwan,
China. Satellite images show that it maintained an annular
structure, with a tightly compact convection ring surround-
ing a symmetric eye. The peak intensity in the JTWC data
set was 69 m/s, which was larger than that in the CMA
(62 m/s) and JMA (54 m/s) data sets.
Phase 3 (18:00 UTC on 8 August to 18:00 UTC on 9

August) was defined as the period from the time of peak
intensity to the time Lekima made landfall in the Zhejiang
Province. After reaching peak intensity, the surrounding
convection became asymmetric with some erosion on the
northern side and Lekima began to weaken. An eyewall
replacement cycle likely began at 03:00 UTC on 9 August.
However, the inner eyewall did not disappear, but
strengthened prior to its landfall. Lekima made its landfall
in the Zhejiang Province at 17:45 UTC on 9 August,

having reached super typhoon intensity (52 m/s, 930 hPa)
according to the CMA data set. The intensities just after
landfall (18:00 UTC on 9 August) were 46 m/s and 44 m/s
in the JTWC and JMA data sets, respectively.
Phase 4 was defined as the decay phase after Lekima’s first

landfall. According to the CMA and JMA data sets, Lekima
weakened rapidly following landfall in the Zhejiang Province,
and reached TS intensity (17.2£MSW<24.5 m/s) on the
evening of 10 August. In contrast, the JTWC data set
indicates that Lekima initially weakened relatively slowly
after landfall, and then began to weaken much faster.
According to the JTWC data set, Lekima dissipated in
China’s mainland on the morning of August 12. However, the
CMA and JMA data sets indicate that Lekima maintained TS
intensity until that date. During this period, the CMA best
track data set shows that Lekima made landfall in the
Shandong Province at 12:50 UTC on 11 August and again at
03:00 UTC on 12 August. Lekima then moved to and
dissipated in the Bohai Bay, according to the CMA and JMA
data sets.
To further explore the intensity discrepancies among these

three data sets, the MSW differences are shown in Fig. 3
throughout Lekima’s duration. The MSW values vary
between data sets. For example, when the MSWCMA was
23 m/s, the MSWJTWC varied in the range 18–28 m/s (the
subscript indicates the data set). Interagency differences are
present for various TC intensities, but their magnitude is not
always the same. The mean absolute errors (MAEs) were
within 5 m/s when Lekima was weaker than severe TY
intensity (MSW< 41.5 m/s), whereas for the high-intensity
categories, noticeable differences were apparent, with
MSWJTWC >MSWCMA >MSWJMA. When Lekima

Fig. 2 Intensity estimations of Lekima in the three data sets (CMA, JMA, and JTWC). The intensity scales are classified by the CMA.
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reached its peak intensity, the MSWJTWC was 69 m/s, which
was 7 m/s and 15 m/s greater than the peak intensity in the
CMA and JMA data sets, respectively. When Lekima made
landfall in the Zhejiang Province, the MSWCMA was 52 m/s,
which was 6 m/s and 8 m/s stronger than the MSWJTWC and
MSWJMA. As a result, Lekima at landfall was categorized as
a super typhoon in the CMA data set, but as a severe typhoon
in the JTWC and JMA data sets. After Lekima made
landfall, the CMA and JMA data sets were almost consistent
with one another regarding its intensity, whereas the
MSWJTWC was stronger within the first 24 h after Lekima
made landfall, and then weakened much faster than in the
other data sets.
One important difference among these data sets is that

different averaging time intervals are used to calculate the
MSW. Herein, we apply two methods to adjust the MSW
definitions from 2-min (CMA) and 10-min (JMA) averages
to a 1-min (JTWC) average. The first is the linear factor
multiplication method, which considers the relationship
between the 10-min and 1-min sustained wind speed to be
linear, with a conversion factor of 1.14 (Atkinson, 1974).
The MSW values from the CMA and JMA data sets
multiplied by 1.14 are hereafter abbreviated as CMA�1.14
and JMA�1.14, respectively. The results are shown in
Fig. 4(a). When the TC intensity was weaker than 52 m/s,
the CMA�1.14 and JMA�1.14 MSWs were generally
consistent with each other, but stronger than that of the
MSWJTWC. After Lekima reached super TY intensity
(MSW> 52 m/s), the intensity differences became larger.
CMA�1.14 and MSWJTWC were generally consistent, and
stronger than that of JMA�1.14. The second method we
used is from Knapp and Kruk (2010). First, the MSW
values were reversed back to a CI number based on the
conversion coefficients used in each operational center. For

example, the MSWCMA (MSWJMA) was reverted to CI
numbers based on the CI–MSW conversions used in the
CMA (JMA). Secondly, the Dvorak (1984) CI–MSW
conversion table, which was used by the JTWC, was
applied to convert from CI numbers to wind speeds
(hereafter referred to as CMADTand JMADT). The results
(Fig. 4(b)) will be discussed in detail in Section 3.1.

3.1 Phase 1: formation phase

The differences between the three data sets regarding the
intensity of Lekima are most salient at two points during
the formation phase (Fig. 1, Table 2). The first major
difference is found during the period when the three
agencies considered the circulation to be a TD. MSW
values strengthened to a TD were estimated at 06:00 UTC
on 2 August by the JMA, which was 30 h and 36 h earlier
than that estimated by the JTWC and CMA, respectively.
Another major difference is found during the period when
the TD strengthened to a TS with a MSW greater than
17.2 m/s, which occurred at 06:00 UTC on 4 August in the
JMA data set, 6 h earlier than that in the CMA and JTWC
data sets.
Although each agency adopted the Dvorak approach to

estimate Lekima’s intensity, the MSW values were
different. The details of the analysis procedure used to
estimate the CI number from the same satellite data
differed slightly among the three agencies. At the same
time, there are some subjective differences between the
analyses. The CI numbers from satellite data analysis
provided by the satellite departments of the CMA and JMA
(abbreviated as CCAA and RJTD) during the formation
phase are shown in Table 2, alongside the time series of CI
numbers obtained by the ADT. The CI numbers are about

Fig. 3 TC intensity differences between the CMA, JMA and JTWC data sets.
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2.0 at 06:00 UTC on 4 August according to the RJTD and
ADT and are 2.5 at 12:00 UTC on 4 August according to
both the CCAA and RJTD. As discussed earlier, the CI–
MSW conversions were also independently established in
each operational center (Fig. 1). ATC was classed as being
of TS intensity when the CI number reached 2.0 in the

JMA CI–MSW conversion table, while the CI number
needed to be 2.5 in the JTWC and CMA CI–MSW
conversion tables. Therefore, the time when the TD
strengthened to a TS was earlier in the JMA data set. In
addition, the MSWJMA was generally stronger than the
MSWCMA and MSWJTWC during the formation phase.

Fig. 4 Intensity of Lekima in the modified data sets: (a) CMA�1.14 (CMA original MSW multiplied by 1.14), JMA�1.14 (JMA
original MSW multiplied by 1.14), and original JTWC MSW, (b) CMADT (CMA MSW using the Dvorak conversion table), JMADT
(JMA MSW using the Dvorak conversion table), and original JTWC MSW.
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Lekima initially formed from monsoon troughs, where it
was embedded in a broad circulation and lacked deep
convection near its center. Some studies (Velden et al.,
2006) have noted that analysts need to avoid estimating the
intensity of these kinds of TCs using the Dvorak technique,
as the MSWs are too low if they are derived from the
corresponding CI numbers. In the case of Lekima, the CI
numbers from the objective analysis (i.e., the ADT) were
actually smaller than those of the subjective analysis
(CCAA and RJTD), which may be because the analysts
took the underestimation of the Dvorak technique for this
kind of TC into consideration. The ASCAT surface wind
data showed a circulation with a large area of approxi-
mately 18–23 m/s westerly winds on the south side. When
using the ASCAT surface wind speed as a baseline, the
MSWs in these three best track data sets were of higher
quality than those estimated by the ADT during this
formation phase.
The results from adjusting the MSWs from 2-min

(CMA) and 10-min (JMA) averages to a 1-min (JTWC)
average are shown in Table 3. Both of the methods
considered here enlarge the discrepancies between the
JMA and JTWC MSW data sets. The application of the
multiplicative factor enlarges the MSW difference between
the CMA and JTWC data sets. TheMSWs remain the same
when applying the Dvorak CI–MSW conversion table to
the CMA data set during the formation phase, since the CI–
MSW conversion values are almost the same when the CI
is less than 4.0 in the CMA table and Dvorak table. These
results indicate that in addition to the different CI numbers,
the difference in the CI–MSW conversion table was the
other main source of discrepancy in TC intensity between
the JMA and JTWC data sets during the formation phase.
The TC intensity difference between the CMA and the
JTWC data sets was mainly related to the CI discrepancies.

3.2 Phase 2: intensification phase

The interagency differences were large during the
intensification phase (Fig. 3). When the TC intensity was
between 24.5 and 41.4 m/s, the MSWs in the three data sets

were generally consistent with one another. When Lekima
reached severe TY intensity (MSW³ 41.5 m/s), the
MSWJTWC was generally stronger than the MSWCMA

and MSWJMA. Moreover, stronger intensities tended to
lead to larger differences between the data sets. The largest
differences between the MSWJTWC data set and the
MSWJMA and MSWCMA data sets were 18 m/s and
12 m/s, respectively (Fig. 3). Our results suggest that the
intensity of strong (weak) TCs in the JTWC data set is
generally greater (smaller) than that in the CMA and JMA
data sets. This distribution characteristic is consistent with
the results of previous studies, which analyzed large
samples of historical TCs (Song et al., 2010; Wu et al.,
2006).
Adjusting the MSWs from 2-min (CMA) and 10-min

(JMA) averages to a 1-min (JTWC) average by remapping
with the Dvorak CI–MSW conversion table decreased the
interagency intensity discrepancies between the three best
track data sets. On the other hand, multiplying the
MSWCMA and MSWJMA by 1.14 increased the interagency
intensity discrepancies with the JTWC data set for MSWs
less than 30 m/s, but decreased the discrepancies slightly
for larger MSWs during the intensification phase (Fig. 4).
The largest absolute error (LAE) decreased from 12 m/s
and 16 m/s to 6 m/s and 9 m/s between the JTWC data set
and the CMA and JMA data sets, respectively. Recalculat-
ing the MSWJMA from the CI numbers with the Dvorak
CI–MSW conversion table reduced the interagency
discrepancies significantly between the JMA and JTWC
data sets, with the MAE and LAE decreasing from 5.2 m/s
and 16 m/s to 2.5 m/s and 6 m/s, respectively. This method
also decreased the MAE and LAE for CMA–JTWC from

Table 2 The MSW and CI numbers during the formation phase in the

different data sets

Variable Agency Time (UTC)

0406 0412 0418

MSW (m/s) CMA 15 18 23

JMA 18 21 21

JTWC 15 21 21

CI number CCAA - 2.5 3.0

RJTD 2.0 2.5 2.5

ADT 1.9 2.4 2.3

Table 3 The mean absolute error (MAE) and the largest absolute error

(LAE) between the JTWC, CMA, and JMA data sets during different

phases. The errors are calculated based on the common records included

in the two compared data sets

JTWC vs CMA JTWC vs JMA

MAE LAE MAE LAE

Phase 1 Original MSW (m/s) 1.0 3.0 1.5 3.0

MSW1m (m/s) 1.3 2.0 4.5 6.0

MSWDT (m/s) 1.0 3.0 2.0 4.0

CI number 0.2 0.3 0.3 0.5

Phase 2 Original MSW (m/s) 4.1 12.0 5.2 16.0

MSW1m (m/s) 2.3 6.0 4.7 9.0

MSWDT (m/s) 1.8 4.0 2.5 6.0

CI number 0.2 0.3 0.2 0.7

Phase 3 Original MSW (m/s) 3.0 9.0 9.6 18.0

MSW1m (m/s) 4.2 13.0 5.4 11.0

MSWDT (m/s) 4.0 13.0 4.8 6.0

CI number 0.3 1.0 0.4 0.6
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4.1 m/s and 12 m/s to 1.8 m/s and 4 m/s, respectively. The
peak intensity of Lekima was 62 m/s, 54 m/s, and 69 m/s in
the original CMA, JMA, and JTWC data sets, respectively.
After adjusting the MSW definition to a 1-min average, the
peak intensity of Lekima in the CMA data set was 71 m/s
when using the linear factor method and 72 m/s when
using the Dvorak CI–MSW conversion table method. The
JMADT was systematically stronger than JMA�1.14 for
high MSWs, with peak intensities of 71 m/s and 62 m/s,
respectively. The Dvorak CI–MSW conversion table
method significantly decreases interagency discrepancies
in the intensity of Lekima, indicating that the use of
different CI–MSW conversion tables was the main cause
of those discrepancies during the intensification phase.

3.3 Phase 3: 24 h before landfall

After Lekima reached its peak intensity at 12:00 UTC on 8
August, it continued north-westward to Eastern China. The
satellite images showed a small distinct pinhole eye
surrounded by a narrow intense convective ring during
the rapid intensification and peak intensity period.
However, the surrounding convection became asymmetric
with warmer cloud-top temperatures on the northern side,
indicating that Lekima began to weaken. The weakening
trend was consistent in the three data sets, but there were
still noticeable differences in the MSW, with MSWJTWC>
MSWCMA>MSWJMA. During the next 12 h, there was an
obvious discrepancy in the intensity trend among the three
data sets. Whereas the intensity continued to weaken at the
same rate in the JTWC data set, in the JMA data set, the
intensity was maintained at 46 m/s for several hours, and
then slightly weakened to 44 m/s. In contrast, Lekima
strengthened just before landfall in the CMA data set, with
a MSW of 48 m/s increasing to 52 m/s.
The remapping method based on the Dvorak conversion

table was particularly effective at reducing the differences
between the JMA and JTWC data sets, with the MAE
(LAE) decreasing from 9.6 m/s (18 m/s) to 4.8 m/s (6 m/s)
in this phase. Table 3 also shows that the MAE and LAE
between the JTWC and JMADT data sets were larger in the
decaying phase (phase 3) than in the intensification phase
(phase 2). These results indicate that apart from different
tables for CI–MSW conversion, CI discrepancies also
contributed to intensity differences between the JTWC and
JMA data sets during phase 3, which can be related to the
different analysis procedures used for decaying TCs by
each agency. However, both methods to unify the wind
averaging period failed to reduce discrepancies between
the CMA and JTWC data sets during this phase, which
indicates that there are some other important contributing
factors related to the use of different observational data
sources by these two agencies.
The CI numbers issued by the different agencies were

compared from 12:00 UTC to 18:00 UTC on 9 August.
During this time, the CI numbers issued by the JMA

satellite message increased from 5.0 to 5.5. This
intensification trend was also found in the CI numbers
obtained using the DDIE method, with the numbers
increasing from 4.3 to 4.9. However, the CI numbers
obtained through the ADT slightly weakened from 5.0 to
4.8. The reason for these CI discrepancies could be related
to Lekima’s structure, since the concentric eyes and
eyewall replacement cycle, which were linked to its
intensity, were not included in the original Dvorak model
(Velden et al., 2006).
Satellite images showed that Lekima likely began an

eyewall replacement cycle at 03:00 UTC on 9 August,
when a new eyewall formed outside the original small
eyewall. This new outer eyewall then contracted and the
inner eyewall began to weaken. However, the inner
eyewall did not disappear, but strengthened after 09:00
UTC on 9 August (Fig. 5). The inner eye was still a
prominent feature, suggesting that the eyewall replacement
cycle was not complete. Lekima was strengthened just
before landfall in Eastern China, with a more well-defined
eyewall. This intensification trend was shown in the CMA
data set.
When Lekima made landfall in the Zhejiang Province,

the 2-min MSWCMA was 52 m/s at 17:45 UTC on 10
August, which is 6 m/s and 8 m/s greater than the 1-min
MSWJTWC and 10-min MSWJMA, respectively, at 18:00
UTC on 10 August. The MSW values were reversed back
to the CI based on the conversion tables used in the
respective operational center. The CI number calculated
from the 10-min MSWJMA was 5.5, which was consistent
with the CI number provided by the JMA satellite message.
The CI number of the 1-min MSWJTWC was 5.0, which
was nearly the same as that suggested by the ADT (4.8)
and DDIE (4.9). The CI number of the 2-min MSWCMA

was 6.0, which was larger than that of the other two data
sets. As mentioned earlier, the concentric eyes and eyewall
replacement process were not included by the original
Dvorak model. Velden et al. (2006) noted that Hurricane
Charley (2004) was underestimated by the Dvorak
technique owing to an eyewall replacement cycle and
contraction of the eye. Therefore, the forecasters relied
mainly on aircraft observational data for landfalling TCs in
the Atlantic, rather than satellite images (Velden et al.,
2006). Although there were no aircraft data for Lekima,
there were a large number of automatic surface weather
stations over the land area of China.
Figure 6 shows the sea surface pressure observed by two

automatic surface weather stations, which were located at
Aohuan of Zhejiang and Sansuan Island of Zhejiang. At
17:00 UTC on 9 August, the TC center was located on the
western side of Sansuan Island at a distance of approxi-
mately 14 km, and on the south-eastern side of the Aohuan
observatory at a distance of 13 km. The sea surface
pressures observed by these two stations were almost the
same (941.4 hPa and 941.6 hPa) at this time. These results
indicate that the pressure gradient was constant on the
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northern and eastern sides of the TC center, which means
that inner-core structures of Lekima were still relatively
symmetric at this time. The lowest sea surface pressure
observed on Sansuan Island was approximately 930 hPa at
16:20 UTC, located approximately 12 km from the TC
center, which indicates that the minimum sea surface

pressure of Lekima was not higher than 930 hPa at this
time. The lowest sea surface pressure observed at the
Aohuan observatory was 936 hPa, located approximately 2
km from the TC center at 18:00 UTC. Therefore, the
MSLP of 930 hPa at landfall in the CMA data set was
reasonable, while the MSLP of 950 hPa in the JMA data

Fig. 5 Satellite images for Lekima at (a) 09:00 UTC on 9 August, (b) 12:00 UTC on 9 August, (c) 15:00 UTC on 9 August, and (d) 17:30
UTC on 10 August observed by Himawari-8. The grayscale indicates the brightness temperature of infrared satellite images.

Fig. 6 The sea surface pressure observed on 9 August by two automatic surface weather observation stations, which were located in
Aohuan of Zhejiang and on Sansuan Island of Zhejiang.
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set was too high.
Based on the WPRs used by the CMA (Ying, et al.,

2014), the JMA (Koba et al., 1991), and Dvorak technique
(1975), the MSWs were converted to 60 m/s (2-min),
50 m/s (10-min), and 65 m/s (1-min), respectively, when
the MSLP was 930 hPa. Kossin (2015) suggested that the
MSW may be overestimated for TCs that experienced an
eyewall replacement cycle when using surface pressure
measurements on land and existing WPRs. This would
imply that the actual intensity of Lekima was slightly
weaker than the MSW calculated by the existing WPRs.
The 2-min averaged maximum wind speed was observed
as 50.5 m/s on Sansuan Island (station height 79 m) at
17:50 UTC, with a peak gust of 61.4 m/s. Earlier studies
(Nolan et al. 2014) found that the actual peak intensity is
underestimated by 5%–20% when anemometers experi-
ence a direct hit by the right side of the eyewall. This
would suggest that the actual intensity of Lekima was
stronger than the observed wind speed.
Lekima’s intensity was discussed by the working group

of Experts on Typhoon and Marine Meteorology at the
work conference of the CMA, which was a very important
step in determining the CMA best track data. The work
conference mainly dealt with the analysis difficulties
related to TC tracks, intensities, and landfall information.
Taking into account the surface observation data, the
Dvorak intensity estimation, and the intensity trend, the
MSW of Lekima at landfall was set as 52 m/s, with a
MSLP of 930 hPa in the CMA best track data.

3.4 Phase 4: After landfall

After landfall in the Zhejiang Province, Lekima moved
northward and weakened rapidly to TS intensity
(17.2£MSW ˂ 24.5 m/s) in the CMA and JMA data
sets. The MSWJTWC initially weakened more slowly after

landfall, and then weakened faster (Fig. 2). During this
phase, the MSW and MSLP in the CMA data set were
almost identical with those in the JMA data set, with a
MAE of 1.6 m/s and 0.9 hPa, respectively (Fig. 7).
However, there were larger differences between the
MSWJTWC and the MSWCMA and MSWJMA, with MAEs
of 3.8 m/s and 3.6 m/s, respectively.
To evaluate which data set provides more accurate

estimations, the surface observations are also shown in
Fig. 7. The pressure shown in Fig. 7 is the lowest pressure
observed by the automatic surface weather station at
heights less than 50 m and within 50 km of the TC center.
Also shown is the strongest wind observed by the
automatic surface weather station at heights less than
50 m and within 200 km of the TC center. The MSLP in the
CMA data set was almost identical to the observations,
with a mean absolute error of 1.7 hPa. The MSW in the
CMA data set was also close to the observations, but
always higher than in the observational data. The MSW
and MSLP in the JMA data set were very consistent with
the observational data. However, the MAE between
MSWJTWC and the observed wind speed was relatively
large at 6.0 m/s.

4 Summary and conclusions

In this paper, we quantified differences in intensity
estimations of Typhoon Lekima (2019) throughout its
development between the data sets of three different
agencies: the CMA, JMA, and JTWC. The results show
that there were significant discrepancies in the intensity
estimations of Lekima between the three operational
centers. The maximum differences were 16 m/s and
12 m/s between the JTWC data set and the JMA and
CMA data sets, respectively, at 06:00 UTC on 8 August,

Fig. 7 (a) The observed wind speed and the MSW in the CMA, JMA, and JTWC data sets, (b) the observed pressure and the MLSP of
the data sets after Lekima made landfall.

14 Front. Earth Sci. 2022, 16(1): 5–16



just before Lekima reached its peak intensity. The
magnitude of the interagency differences varied with the
intensity of Lekima. When Lekima reached severe TY
intensity in the ocean, the MSWJTWC was generally
stronger than the MSWCMA and MSWJMA, that is
MSWJTWC>MSWCMA>MSWJMA.
The ability of two distinct methods to minimize the

differences between these three data sets was also
evaluated. Both the remapping method based on the
original Dvorak CI–MSW conversion table and the linear
factor multiplication method (CMA�1.14, JMA�1.14)
substantially reduced intensity discrepancies, with the
former method being particularly effective, though only
during the intensification phase over the ocean. In the
decaying phase, remapping the MSWs based on the
original Dvorak conversions did reduce the intensity
discrepancies between the JMA and the JTWC wind
speeds somewhat, but a relatively large difference never-
theless remained. The results indicate that apart from
different CI number–MSW conversions, CI discrepancies
also contributed to differences between the MSWJTWC and
the MSWJMA during the TC decay phase.
Lekima made landfall in the Zhejiang Province of China

at 17:45 UTC on 10 August, with a MSWCMA of 52 m/s,
which was 6 m/s and 8 m/s greater than the MSWJTWC and
MSWJMA, respectively, at 18:00 UTC on 9 August. Both
methods intended to unify the wind averaging period did
not reduce discrepancies between the intensity recorded
just before landfall by the CMA and the other two
agencies. This indicates that there were some other
important contributing factors related to the use of different
observational data sources by each agency. The landfall
intensity of Lekima in CMA best track data set was
determined by taking into account of the surface observa-
tion data (wind speed and pressure), the Dvorak intensity
estimation, and the intensity trend.
To evaluate the intensity estimations of these three data

sets, we compared them to surface station observations and
ASCATsea-surface winds. During the formation phase, the
TD strengthened to a TS earlier in the JMA data set than in
the other two data sets. When Lekima made its landfall in
China, the CMA data set had more complete information,
including the landfall location, date, time, and landfall
intensity. In addition, the CMA data set included a large
amount of surface weather observation data over land in
China, making it advantageous for TCs that make landfall.
When Lekima passed over land in China, the MSW and
MSLP in the CMA data set were recorded according to the
surface observations, and were very consistent with the
JMA data set. However, there were remarkable MSW
differences between the JTWC data set and the CMA and
JMA data sets during this phase.
It is important to document different operational

procedures and input data that are used for TC intensity
estimations by various operational agencies, otherwise

studies and forecasts based on best track data may be
misleading. Although the Dvorak technique is still the
standard method for TC intensity estimations when other
direct observational data are not available, this technique
has several limitations. As mentioned in this paper, it may
underestimate the TC intensity when TCs form in a
monsoon trough or when TCs undergo an eyewall
replacement cycle. Therefore, direct observations of off-
shore TCs need to be performed, as this would help to
provide a more accurate TC intensity data set and reduce
intensity discrepancies between different agencies.
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