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Abstract Tropical cyclone heat potential (TCHP) is a
measurable metric calculated by the summation of ocean
heat content from the surface down to the depth of the
26 °C isotherm. TCHP calculated by the Meteorological
Research Institute multivariate ocean variational estima-
tion (MOVE) system is verified by using TCHP based on
in situ observations by profiling floats during 2002-2012.
After the verification, the threshold of MOVE-based TCHP
before the passage of a tropical cyclone (TC) favorable for
triggering TC deepening is determined by best-track central
pressure drops for the nearest 6 hours from 1985 to 2012.
The threshold is specified as the minimum range of TCHP
when the ratio of the number of records for TC deepening
to the total best-track number of records in a TCHP bin is
significantly greater than the reference ratio determined for
each domain at a significance level of 0.05. The threshold
is relatively low (40-60 kJ cm™?) around 5-10°N, west
of 120°E and east of 140°E, whereas it is relatively high
(80-100 kJ cm_z) around 15-20°N. Around 5-10°N, the
ratio for each moving speed shows two peaks: with moving
speeds of 3-5 and 7-9 m s~'. The former case is exempli-
fied by Typhoon Mike (1990) under relatively low TCHP
(< 80 kJ cm™2), whereas the latter case is exemplified by
Typhoon Haiyan (2013), which is more rapidly intensified
and reaches a lower minimum central pressure under rela-
tively high TCHP (>120 kJ cm™2).
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1 Introduction

Accurate tropical cyclone (TC) forecasting is indispensa-
ble for mitigating the disastrous impacts caused by TCs.
To improve TC forecasting, the development of prediction
with sophisticated numerical models is desirable. How-
ever, our current understanding of TC intensity prediction
has been limited because of the insufficient horizontal
resolution of numerical models; lack of understanding of
atmospheric and oceanic physical processes; lack of in situ
observations, particularly around a TC; and uncertainties
regarding the roles of pre-existing atmospheric and oce-
anic conditions in TC intensification and the maximum TC
intensity (e.g., Wang and Wu 2004).

It is known that not only sea surface temperature, but also
vertical profiles of water temperature and salinity play a cru-
cial role in TC intensity prediction with atmosphere—ocean
coupled models. TCs usually intensify when they pass over
the western Pacific warm pool (Wang and Zhou 2008; Wada
and Chan 2008), the Subtropical Countercurrent region in the
western North Pacific (Lin et al. 2005; Wada and Usui 2007),
and warm-core eddies in the North Atlantic (Shay 2010).

Recent studies have reported on the relationships
between tropical cyclone heat potential (TCHP) and TC
intensification and between TCHP and TC maximum
intensity. TCHP is a measurable metric calculated by the
summation of ocean heat content from the surface down
to the depth of the 26 °C isotherm (Leipper and Volgenau
1972). The TCHP value is calculated by using the follow-
ing equation:
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where Q is the TCHP value (J cm™2), ¢, is specific heat
at constant pressure, 7; is water temperature in °C at the
i-th level, Az; is i-th layer water thickness, and p; is the
density of water at the i-th level. The parameter Z26 is
the depth (m) of the 26 °C isotherm. The relationships
between TCHP and TC intensification or TC deepening,
and between TCHP and TC maximum intensity, have been
studied in the North Atlantic Ocean (Shay et al. 2000; Goni
and Trinanes 2003; Goni et al. 2009; Mainelli et al. 2008;
Law 2011; Gjorgjievska and Raymond 2014), the Indian
Ocean (Ali et al. 2007, 2012; Lin et al. 2009a; Kumar and
Chakraborty 2011; Malan et al. 2013; Vissa et al. 2013),
and the Pacific Ocean (Pun et al. 2007, 2013, 2014; Wada
and Usui 2007; Wada and Chan 2008; Shay and Brewster
2010; Knaff et al. 2013; Wada et al. 2012).

According to Wada and Usui (2007), changes in TCHP
values were coincident with those of central pressures dur-
ing the decaying phase of two typhoons, Typhoons Chaba
and Songda, in 2004. Wada and Usui (2010) reported that
Typhoon Hai-Tang in 2005 rapidly intensified when the
typhoon passed over two warm core eddies. Over the warm
oceans with high TCHP, the supply of moisture from the
ocean increases in the tropical cyclone boundary layer
through vertical advection and stretching, as a result of the
release of filamentation, the formation of mesovortices,
and vortex merger events under favorable atmospheric con-
ditions (e.g., Wada 2009; Wada et al. 2013). Gray (1979)
emphasized the need for warm oceans to a depth to provide
the necessary heat to support the cyclogenesis as a thresh-
old against its tendency to cool the ocean by upwelling
and turbulent mixing. The studies have indicated that high
TCHP is requisite for TC intensification.

Except for studies with TCHP data sets calculated based
on sophisticated oceanic data assimilation systems (Wada
and Usui 2007; Wada and Chan 2008; Wada et al. 2012;
Malan et al. 2013), most of the studies have used ocean
thermal structures derived from a convenient assimilation
system based on satellite altimetry and a two-layer reduced
gravity model (Goni et al. 1996; Shay et al. 2000; Pun et al.
2007). The ocean thermal structure has been characterized
by only two isotherms at depths of 26 m (so called D26)
and 20 m (D20). Pun et al. (2014) recently determined
various isotherms from 4 to 29 °C at intervals of 1 °C, to
estimate TCHP more accurately. However, this method is
nothing more than a statistical approach with reference to
climatological data.

The Regional Specialized Meteorological Center
(RSMC) Tokyo in the Japan Meteorological Agency (JMA)
is in charge of the monitoring and forecasting of TCs in
the western North Pacific, with an area of responsibility
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that covers 0-60°N and 100-180°E. In addition, JMA has
operated an ocean data assimilation system for monitor-
ing oceanic conditions around Japan, such as the Kuroshio
Current, and current climate systems, such as the El Nifio-
Southern Oscillation, for seasonal predictions. To improve
TC intensity forecasts, the TCHP data set, based on the out-
put of the assimilation system, will provide forecasters ben-
eficial information for understanding TC intensity changes
and the maximum TC intensity. However, there is no opera-
tional guideline for utilizing the TCHP data for TC inten-
sity forecasts, even though a convenient lookup table of the
minimum upper-ocean heat content under various transla-
tion speeds was reported (Lin et al. 2009b).

The purpose of this study is to provide operational
guidelines for utilization of TCHP products, including
information regarding a threshold of TCHP that leads to
an increase in the occurrence of TC deepening, to improve
TC intensity forecasting in the western North Pacific under
the assumption of physical processes that TCHP above the
threshold plays an essential role in increasing moisture
in the tropical cyclone boundary layer, resulting in trig-
gering cumulus convection and thus TC deepening (Gray
1979; Wada 2009; Wada et al. 2013). To develop the guide-
lines, this study aims to explore the relationship between
TCHP and TC deepening for TC moving speeds, TC cen-
tral pressures, and geographic factors such as longitude and
latitude.

This paper is organized as follows. Section 2 explains
the data used in this study. Section 3 describes the results
and presents discussion about the verification of the TCHP
data using in situ observations, the relationship between
TC deepening and TCHP below a TC before the passage of
the TC, and the effect of geographical factors. In addition,
Sect. 3 explores the relationship between TCHP during the
passage of the TC and TC development around 5-10°N.
Case studies are also presented in Sect. 3. Section 4 is
devoted to concluding remarks about this study.

2 Data
2.1 TC best-track data

RSMC-Tokyo TC best-track data from 1985 to 2012 were
used in this study (http://www.jma.go.jp/jma/jma-eng/jma-
center/rsmc-hp-pub-eg/trackarchives.html). These data
include the TC center position, TC central pressure, and
10-minute-average maximum sustained wind speed meas-
ured four times a day (at 0600, 1200, 1800, and 2400 UTC).
The data include these elements taken eight times a day
when a TC is located within 300 km of the coast of Japan,
or every hour when a TC makes landfall in Japan. Here-
after, this study mainly uses the best-track data measured
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Fig. 1 Horizontal distribution of TC positions obtained from best-
track records from 1985 to 2012, with colors indicating the RSMC
Tokyo best-track central pressure (hPa). Solid boxes indicate lati-

four times a day. Figure 1 displays the horizontal distribu-
tion of the best-track TC positions used in this study, with
colors indicating the central pressure at the position from
1985 to 2012. The number of TC records used in this study
is 24,206. Solid and dashed boxes indicate the analysis
domain to investigate the relationship between TCHP and
TC deepening for TC intensity, TC moving speed and geo-
graphical factor.

2.2 Oceanic data set

Daily oceanic reanalysis data are calculated using the
North Pacific version of the Meteorological Research Insti-
tute multivariate ocean variational estimation (MOVE) sys-
tem (Usui et al. 2006) for operational monitoring of oce-
anic environments. The MOVE system incorporates the
Meteorological Research Institute community ocean model
(MRI.COM: Ishikawa et al. 2005) and a variational analy-
sis scheme to synthesize observations of variables such as
sea temperature, salinity, and sea-surface height at differ-
ent times, locations and measurements, including those
performed with satellite altimeters and profiling floats. The
domain covers the area from 15°S to 65°N and 100°E to
75°W, with a horizontal resolution of 0.5° and 54 vertical
levels. The product archived at JIMA consists of 5-day mean
historical reanalysis data covering the period since 1985.
The MOVE system has currently applied the three-
dimensional variational data assimilation method. The

tudinal analysis domains (5-10°N, 10-15°N, 15-20°N, 20-26°N,
26-32°N). Dashed boxes indicate longitudinal domains (west of
120°E, east of 140°E and 120°-140°E)

temperature and salinity fields calculated by the ocean gen-
eral circulation model, the forecasting part of the MOVE
system, were modified by the analytical result via an incre-
mental analysis update technique (Usui et al. 2006). The
assimilation cycle was 5 days in the MOVE system. This
is one of the reasons why the 5-day mean data were used
to investigate the relationship between TCHP and TC deep-
ening. Wada et al. (2012) reported that the relationship of
the accumulated TCHP, the summation of the TCHP value
below a TC before the TC attained the maximum intensity
from the genesis, to the minimum central pressure did not
depend on the spatial or temporal resolution of the oceanic
reanalysis data set, even though the cooling effect of the
passage of a TC and the associated decrease in the TCHP
values were reproduced realistically only by the daily data
set.

Sea temperature and salinity assimilation data were
interpolated at 1-m intervals from the subsurface (the
uppermost depth of 1 m) to the lowermost depth shallower
than 200 m using the method proposed by Akima (1970)
to calculate the 5-day TCHP (hereinafter MOVE-based
TCHP) and Z26 (hereinafter MOVE-based Z26) before
and during the passage of a TC, respectively. MOVE-based
TCHP and Z26 were averaged over the square domain of
1.5° centered at the grid corresponding to each TC position
from 1985 to 2012. To investigate the relationship between
MOVE-based TCHP and TC intensification, Sect. 3.3 used
MOVE-based TCHP from 5 days ago as the TCHP data
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Fig. 2 a Horizontal distribution of the location of profiling floats from 2002 to 2012, with colors indicating in situ TCHP (kJ cm~?). b Horizon-
tal distribution of the location of profiling floats from 2002 to 2012, with colors indicating MOVE-based TCHP (kJ cm™2)

before the passage of a TC. In Sect. 3.4, the TCHP data
during the passage of the TCs was used in order to inves-
tigate the relation of the temporal evolution of TCHP and
726 to TC intensification.

Note that daily operational oceanic data were addition-
ally used for investigating the temporal evolution of daily
TCHP and Z26 together with 5-day TCHP and Z26 during
the lifetime of Typhoon Haiyan (2013), and for investigat-
ing the impact of the temporal resolution on the temporal
evolution of TCHP in Sect. 3.4.

2.3 Profiling float data

Profiling float data of sea temperature and salinity dur-
ing 2002-2012 were used to verify MOVE-based TCHP.
Both temperature and salinity data were used to calculate
the ocean density, with Eq. 1 based on the equation of
state (UNESCO 1981; Gill 1982). The profiling float data
were obtained from best-copy data in the Global Tempera-
ture and Salinity Profile Program (GTSPP) continuously
managed database. Delayed-mode quality control (http://
www.jamstec.go.jp/ARGORC/docs_top.html) was applied
to the data. The GTSPP data have been currently used in
the MOVE system. In that sense, the objective of the veri-
fication is to grasp how accurate the MOVE system, with
a horizontal resolution of 0.5°, can reproduce the observa-
tional characteristic of temperature and salinity at a local
point of the observation, which is associated with the esti-
mation of TCHP.

Sea temperature and salinity data by profiling floats
were interpolated at 1-m intervals from the subsurface
(the uppermost depth of 1 m) to the lowermost depth shal-
lower than 200 m, by using the method proposed by Akima
(1970) to calculate the TCHP and Z26 values. Because
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there was no surface observation in the profiling floats data,
surface sea temperature and salinity were assumed to be
equal to the values at the uppermost depth.

2.4 Atmospheric data set

To grasp the relationship of TCHP to the atmospheric envi-
ronment around 5-10°N in the western North Pacific, the
evolutions and variations of specific humidity and geo-
potential height at 925 hPa from 1985 to 2013 were investi-
gated. These data were provided from monthly products of
the Japan Meteorological Agency 55-year Reanalysis data
set (JRA-55) with a horizontal resolution of 1.25° (Ebita
etal. 2011).

3 Results and discussion
3.1 Verification of TCHP data

First, MOVE-based TCHP (Fig. 2a) was verified using
TCHP data calculated from in situ sea temperature and
salinity profiles observed by profiling floats from 2002 to
2012 (hereinafter in situ TCHP, Fig. 2b). The number of
profiling float data used in this study was 41,867. The hori-
zontal distribution of MOVE-based TCHP was similar to
that of in situ TCHP: the TCHP values were relatively high
south of 15°N (Fig. 2). Figure 3 shows the relationships
between in situ TCHP and MOVE-based TCHP (Fig. 3a),
and between Z26 derived from in situ observations (hereaf-
ter in situ Z26) and MOVE-based Z26 (Fig. 3b).

The slopes for each regression function were 0.97 and
0.91, and the square of the correlation coefficient was 0.92
for TCHP (Fig. 3a) and 0.88 for Z26 (Fig. 3b), respectively.
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Fig. 3 a A scatter diagram of the relationship between in situ TCHP and MOVE-based TCHP, with a regression function (solid line). b Same as

the left panel, except for Z26

The intercepts indicate that positive biases existed when
in situ TCHP and Z26 were close to zero. In reality, not
only the slope, but also the intercept would vary seasonally
because of various reasons: frequency of in situ observa-
tions; changes of measurement methods, particularly new
satellite observations; and issues regarding the assimilation
scheme that the MOVE system applied. The slopes indicate
that both MOVE-based TCHP and Z26 were lower than in
situ TCHP and Z26, as the values of in situ TCHP and 726
were greater.

The focus is on the temporal evolution of MOVE-based
TCHP and Z26 during 2002-2012. Since 2008, MOVE-
based TCHP became higher (4 kJ cm™2) compared with
TCHP data before 2007 with reference to in situ TCHP
(Fig. 4a), while MOVE-based Z26 became deeper (2 m)
with reference to in situ Z26 (Fig. 4b) from 2002 to 2012.
The stepwise increase in MOVE-based TCHP has occurred
just in time for the introduction of Jason-2 satellite altim-
eter data since 2008 into the assimilation system. This is a
specified issue in the MOVE system used in this study.

The relationship between the latitude and the differ-
ence between MOVE-based and in situ TCHPs during
2011-2012 indicates that the bias (MOVE-based TCHP
minus in situ TCHP) and relative error (defined by the dif-
ference divided by the TCHP value) were relatively high at
low latitude, whereas the bias was on average equal to zero
north of 25°N (Fig. 4c). The characteristics that appeared at
low latitude were not found in Z26 (Fig. 4d). In particular,
MOVE-based TCHP was extremely high in 2012 compared
with in situ TCHP (Fig. 4a): the slope for the regression
function was 1.03, and the square of the correlation coef-
ficient was 0.92 (not shown). The relative errors largely
scattered north of 15°N, indicating the limitation of the

three-dimensional variational data assimilation method,
even though profiling float data were used for the assimila-
tion. However, the spread of the relative errors was small
south of 15°N, indicating the existence of systematical
biases for MOVE-based TCHP.

The following is the result of verification regarding ver-
tical profiles of water temperature and salinity at low lati-
tude, where the difference between MOVE-based and in
situ TCHPs is remarkably large. Figure 5Sa—c shows verti-
cal profiles of the annual mean MOVE water temperature
(Fig. 5a), the standard deviation (Fig. 5b), and the differ-
ence in water temperature between the MOVE reanalysis
and in situ observation by profiling floats (Fig. 5c) around
5-10°N. The location of the seasonal thermocline shifts
downward from 2002 to 2012 (Fig. 5a). The standard devi-
ation is relatively high below Z26 (Fig. 5b). The difference
in water temperature between MOVE reanalysis data and in
situ observation data by profiling floats becomes high near
the seasonal thermocline (at a depth of nearly 80-120 m).
In particular, the difference is remarkably high in the sea-
sonal thermocline in 2010 and 2012.

The focus moves on the results of verification regarding
vertical profiles of water temperature and salinity at high
latitude. Figure 5d—f shows vertical profiles of the annual
mean MOVE water temperature (Fig. 5d), the standard
deviation (Fig. 5e), and the difference in water temperature
between the MOVE reanalysis and in situ observation by
profiling floats (Fig. 5f) around 26-32°N. The depth of the
mixed-layer base is below 20 m, which is shallower than
the depth shown in Fig. 5a. The standard deviation is rela-
tively small above the seasonal thermocline. Unlike the
result shown in Fig. 5c, the difference in water temperature
between the MOVE reanalysis and in situ observation by
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Fig. 4 a Time series of the annual mean MOVE-based (open brown
circles) and in situ TCHPs (close blue circles), with the standard
deviation. The black solid line indicates the difference between the
MOVE-based and in situ TCHPs from 2002 to 2012. b Same as (a),

profiling floats is relatively small above Z26 (at a depth of
nearly 30—40 m). This is the reason why the bias is nearly
zero north of 25°N.

In the MOVE system, it is difficult to discuss the effect
of the thermal expansion on the long-term trend of TCHP
and Z26, even though the trends are statistically signifi-
cant because of the difficulty to accurately estimate air-sea
heat and moisture fluxes including precipitation. Errors of
these fluxes involved in the atmospheric forcing directly
affect the assimilation of water temperature and salinity.
Even though profiling float data are assimilated reasonably
well, the error of the estimation of the effect of the thermal
expansion possibly leads to poor reproduction of TCHP
and Z26 fields, because the number of the data used in the
assimilation is very limited.

3.2 Relationship between TCs and TCHP

TCs usually undergo the phases of genesis, development,
maturity and decay during their lifetime. As described in
Sect. 2.1, this study involved consideration of all 24,206
best-track records for the period from 1985 to 2012. TC
deepening is defined here as the positive deviation of TC
central pressure (Apg, > 0 hPa) for the nearest 6 hours at
the corresponding TC record from that at the subsequent
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except for Z26. ¢ A scatter diagram of the relation of latitude to the
deviation between in situ TCHP and MOVE-based TCHP with the
linear regression function for the difference and the error of the dif-
ference relative to in situ TCHP. d Same as (c), except for Z26

TC record. Apy, is determined based on RSMC Tokyo
best-track data four times a day.

TC deepening is different from TC intensification in
that the former is defined by the central pressure, whereas
the latter is defined by the maximum sustained wind
speed. The number of best-track records for the deviation
Apg, > 0 was 7052, and the ratio to the total number of
records was 29.1 %. The number of records with deviation
Apg;, > 5 hPa was 1126 (4.7 %) and that for Apg, > 10 hPa
was only 166 (0.7 %).

Figure 6a shows a histogram of the number of best-
track records for each bin of MOVE-based TCHP every
20 kJ cm™2. The number of records (7392) is greatest when
the TCHP value is 0-20 kJ cm™, corresponding to approx-
imately 30.5 % of the total number of records. The num-
ber for each bin is locally high when the TCHP value is
40-60 kJ cm~2 (3561, approximately 14.7 %) and exceeds
100 kJ cm~2 (4126, approximately 17 %).

Figure 6b shows cumulative bar charts of the number
of records for each TC deepening divided into three bins
(0-5, 5-10, and over 10 hPa) for each MOVE-based TCHP
every 20 kJ cm™2. In contrast to the result shown in Fig. 6a,
the number of records (2035) for TC deepening is greatest
when MOVE-based TCHP exceeds 100 kJ cm ™2 (Fig. 6b).
The ratio to the total number of records for TC deepening
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Fig. 5 Vertical profiles of a annual mean MOVE water temperature
at the corresponding grid to the position of each profile observed by
profiling floats around 5-10°N, b the standard deviation of MOVE
water temperature, ¢ the difference between MOVE water tempera-

(7052) is approximately 28.9 %. The number of records for
TC deepening increases remarkably when MOVE-based
TCHP exceeds 40 kJ cm 2. The result supports the assump-
tion that TCHP that exceeds the threshold plays an essen-
tial role in the increase in the occurrence of TC deepening.

3.3 Geographical factors

TCHP favorable for TC deepening is actually considered to
vary depending on geographical factors such as latitude and
longitude, as well as TC intensity and TC moving speed.
This subsection addresses the relationship between MOVE-
based TCHP before the passage of TCs and TC deepening
for each geographical factor, TC intensity, and TC moving
speed. The relationship was investigated for each domain
every 5° in latitude from 5°N to 20°N and every 6° in lati-
tude from 20°N to 32°N (Fig. 1). In addition, the relation-
ship was investigated for each longitudinal domain; west of
120°E, east of 140°E and between 120°E and 140°E. West

ture and in situ observation by profiling float, d same as (a), except
around 26-32°N, e same as (b), except around 26—32°N, and f same
as (c¢), except around 26-32°N

of 120°E, a summer-monsoon circulation with a monsoon
trough is dominant (Holland 1995) as atmospheric exter-
nal forcing for TC deepening, whereas Pacific easterlies
are predominant east of 140°E for tropical cyclogenesis
(Ritchie and Holland 1999). The intermediate area (120—
140°E) corresponds to a confluence region arising from a
westerly jet with cross-equatorial flow, the Pacific easterly
flow, an anticyclonic gyre to the northeast (Holland 1995;
Ritchie and Holland 1999) and monsoon gyre (Lander
1994).

In this subsection, MOVE-based TCHP is briefly
referred to as “TCHP”. TCHP was categorized into the fol-
lowing six bins: 0-20, 20-40, 40-60, 60-80, 80-100, and
above 100 kJ cm™2. TC intensity was determined from the
best-track central pressure and was categorized into the fol-
lowing six bins: below 920, 920-940, 940-960, 960-980,
980-1000, and above 1000 hPa. TC moving speed was cal-
culated from the distance between the current and subse-
quent positions divided by 6 h. The TC moving speed was
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Fig. 6 a Histogram of the number of TCs for each TCHP bin every
20 kJ cm™2 using MOVE-based TCHP, b cumulative bar chart of
the number of TCs, with deepening every 20 kJ cm~2 using MOVE-
based TCHP

categorized into the following six bins: below 3, 3-5, 5-7,
7-9,9-11, and above 11 m s~ .

First, the ratio of the number of records for TC deepen-
ing to that of the total number of records is determined for
each domain as the following reference ratio ry (statistically
corresponding to a population rate).

rf = Ndeepening / Niotal, 2)

where N,y is the total number of records and Nyeepening 1S
the number of records for TC deepening. The reference ratio
refers to the probability for the occurrence of TC deepen-
ing for each domain irrespective of TCHP values. Next, the
ratios of the number of records for TC deepening (Ny_(cp-
Ny cp Ny spa) to that of the total number of records (N, icp
N ¢p Ny pa) are determined for each bin of TCHP (r,).
central pressure (r,) and moving speed (rg,q) as follows.

Ftichp = N d_tchp/ N, t_tchps 3)
Tep = Nd_cp / Nt_cps @
Fspd = Nd_spd/Nt_spd- 5)
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Finally, the ratios of the number of records for TC deep-
ening (Ng_cp chp Na_spd_cnp) t0 that of the total number of
records (N ¢ tchpr Ni_spd_tenp) fOr each bin of central pres-
sure (rg, (cnp) @and moving speed (rgq (opp) are determined

for each TCHP bin.

Fep_tchp = Nd_cp_tchp / Nt_cp_tchp’ (6)

Fspd_tchp = N, d_spd_tchp / Ntfspdftchp- 7)

Statistical significance is investigated for each ratio with
reference to the reference ratio rybased on the z-test. When
the ratio for each TCHP bin exceeds the reference ratio at
a significance level of 0.05, the TCHP value is regarded as
a requisite condition for the increase in the occurrence of
TC deepening. The minimum range of the TCHP value is
regarded as the threshold of TCHP for the increase. The
corresponding ratio r is determined as follows.

mintchp
Fmintchp = Nd_mintchp / Nt_mintchps ®)
where Ny pinchp 18 the total number of records and Ny_pyinichp

is the number of records for TC deepening at the thresh-
old of TCHP. It should be noted that a ratio with more than
20 TC deepening records (approximately two records per
year) is used for examining statistical significance based on
the z-test and determining the threshold.

Figure 7 shows bar charts indicating the ratio of TC
deepening to the total number of TCs [i.e., the reference
ratio r, and the ratio for each TCHP threshold 7y
(Fig. 7a)], the ratio for each specified range of central pres-
sure (r.,) and the highest ratio (highest r, p,) for each
specified range of both central pressure and TCHP for each
domain (Fig. 7b). It also shows bar charts indicating the
ratio for each specified range of TC moving speed (rg,)
and the highest ratio (highest rg,q ,,) for each specified
range of both TC moving speed and TCHP for each domain
(Fig. 7c). The major characteristics are as follows: the ref-
erence ratio ry is highest around 10-15°N and decreases
north of 10°N as the latitude increases (Fig. 7a). This value
is relatively high around 120-140°E.

Figure 7a indicates that TCs tend to intensify over rela-
tively high-TCHP areas exceeding the threshold, except
around 10-15°N. No threshold is statistically significant
at the significance level of 0.05 around 10-15°N. The
threshold is lowest (40-60 kJ cm™2) around 5-10°N, west
of 120°E and east of 140°E, whereas it is highest (80—
100 kJ cm™2) around 15-20°N. The threshold decreases
as the latitude increases and the longitude decreases. The
effect of TCHP exceeding the threshold on the increase
in the occurrence of TC deepening is remarkable west
of 120°E. The ratio of TC deepening increases signifi-
cantly from r; (0.22) to rpyipepp (0.38). Around 26-32°N,
the threshold is 60-80 kJ cm™*, which is higher than that
around 5—-10°N, west of 120°E and east of 140°E. Howeyver,
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Fig. 7 Bar charts of a popula-
tion rate (ry) that best-track
records indicate TC deepening
among all TC records for each
domain and ratio at the thresh-
old of TCHP (7 yinenp) displayed
on the right side of each bar; b
aratio at a certain central pres-
sure (r,,) and the highest ratio
(highest r;, ) at a certain cen-
tral pressure and that at a certain
TCHP; and ¢ a ratio at a certain
moving speed (ry,q) and the
highest ratio (highest ry,q cpp) at
a certain moving speed and that
at a certain TCHP. The popula-
tion rate (ry) and the other ratios
are significant at a significance
level of 0.05 based on the z-test
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the ratio of TC deepening 7,iychp 1S the lowest (0.25) of all
domains. This means that only a quarter of all TCs inten-
sify over the ocean, even if TCHP exceeds the threshold.

Figure 7b shows that TCs tend to intensify at a cer-
tain range of central pressure. The ratio of TC deepening
increases over relatively high-TCHP areas at a signifi-
cance level of 0.05. Around 5-20°N, TCs tend to intensify
over relatively high-TCHP areas with values exceeding
100 kJ cm™2 when the central pressure favorable for the
increase in the occurrence of TC deepening is relatively
high (above 960 hPa; Fig. 7b). The ratio of TC deepening
Fep_tehp €Xceeds 0.6, which is approximately 0.1 higher than
the ratio r, at the range of central pressure irrespective of
TCHP. Around 120-140°E, the central pressure favorable
for an increase in the occurrence of TC deepening exceeds
1000 hPa, indicating that relatively high TCHP helps storm
cyclogenesis. Around 20-26°N, the value of TCHP (60-
80 kJ cm™?) is the same as the threshold value (Fig. 7a).
In this domain, relatively weak TCs tend to intensify over
TCHP areas with 60-80 kJ cm™2.

Figure 7c shows that TCs tend to intensify in a certain
range of moving speed. The ratio of TC deepening r,q (cny
increases over relatively high TCHP areas at a significance
level of 0.05. At around 5-10°N, the ratio of TC deepen-
Ing rgq hp for each moving speed shows two peaks:
40-60 kJ cm~? with moving speeds of 3-5 and 7-9 m s~ .
The ratio increases by approximately 0.1 over the TCHP
area with values of 40-60 kJ cm 2. Around 10-26°N,
around 120-140°E and east of 140°E, TCHP values
exceeding 100 kJ cm™2 represent favorable conditions for
the increase in the occurrence of TC deepening with rela-
tively fast moving speeds (9-11 m s~') around 10-20°N
and relatively slow moving speeds (3-5 m s~!) east of
140°E. Therefore, TCHP values higher than the threshold
are requisite conditions for the increase in the occurrence
of TC deepening at a certain central pressure and moving
speed. In addition, geographical factors should be consid-
ered in the use of the threshold of TCHP for TC intensity
forecasts, because the ratio of TC deepening differs sig-
nificantly among regions. Figure 7 also indicates that TC
deepening is explained not only by TCHP alone, although
relatively high values certainly contribute.

Lin et al. (2009b) reported that the slower (faster) the
storm, the higher (lower) the TCHP value needs to be to
realize the most intense TC. The present paper addresses
the relationship between TC deepening defined by central
pressure drops and MOVE-based TCHP before the passage
of a TC. This study does not directly address the statistical
relationships between the values of TC central pressure and
TCHP/Z26.

It is well known that the ocean response to the most
intense TC causes strong deepening of the mixed layer,
resulting in TC-induced strong sea surface cooling when
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the pre-existing mixed layer is relatively shallow before
the passage of the TC. Strong sea surface cooling leads to
reduced sea-to-air turbulent heat fluxes, so that high TCHP
and deep Z26 are needed as one of prerequisite conditions
when the moving speed is relatively slow. It should be
noted that this study does not take into consideration the
effect of the ocean response to TCs and associated varia-
tion in TCHP values during the passage of TCs. Because
the assimilation window of the MOVE system used in this
study is 5 days, longer than the time scale of the ocean
response to a TC, and the amplitude of the atmospheric
wind stress is poor at producing a strong ocean response
due to its relatively coarse horizontal resolution (0.5°), the
ocean response could not be well analyzed in the present
study. The development of an assimilation system will be
expected in the future.

This discussion is not always valid when a relatively
weak TC undergoes an early deepening around 10-20°N in
the western Pacific where TCHP is climatologically high.
Relatively fast moving speed can be favorable for pro-
ducing an inflow layer and supergradient flow above the
inflow layer (Smith et al. 2009), resulting in strong updrafts
around the eyewall and convective bursts (Rogers et al.
2013) without decreasing the TCHP value. However, the
ocean response to a TC plays a crucial role in changes in
TCHP and TC intensity in the Subtropical Countercurrent
region due to a large amount of sea surface cooling induced
by TCs because of the relatively shallow mixed-layer
depth. Around the region, warm ocean eddies essentially
lead to a small amount of sea surface cooling, resulting in
the increase in the occurrence of TC intensification.

3.4 TC intensification and maximum intensity
around 5-10°N

Subsection 3.3 indicates that the geographical factor
strongly affects the threshold of MOVE-based TCHP
before the passage of TCs for the increase in the occur-
rence of TC deepening in the western North Pacific. In
addition, this study finds for the first time that the region
around 5-10°N is an exception: high MOVE-based TCHP
does not contribute to the increase in the occurrence of TC
deepening in all cases. Even though MOVE-based TCHP
exceeds 100 kJ cm 2, the ratio of the number of records for
TC deepening to that of the total number of records is not
statistically significant at a significance level of 0.05 when
the central pressure is lower than 960 hPa, and the moving
speed is lower than 3 m s™! and higher than 9 m s~! (not
shown).

Figure 8 shows the seasonal variation in the number of
occurrences of TC deepening for which central pressure
drops are greater than 5 hPa. The number is notably high-
est in November, with relatively low TCHP and shallow
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5-10N Rapid intensification (> 5 hPa)
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Fig. 8 Seasonal variations in the frequency of rapid deepening for
which the central pressure drop exceeded 5 hPa during the 1986-
2012 years and in the monthly mean TCHP (kJ cm™2) and Z26 (m)

726 calculated based on MOVE data, whereas there are no
data in July and August. In this subsection, Typhoons Mike
(1990) and Haiyan (2013) are exemplified to show the rela-
tion of TC deepening to moving speeds and TCHP around
5-10°N. It should be noted that TCHP and Z26 data below
a TC are calculated based on the analysis day during the
passage of the TC in this subsection.

Figure 9a displays the best tracks of Typhoons Mike and
Haiyan. The tracks are quite similar to each other. However,
the best-track central pressure, MOVE-based TCHP, and
726 are quite different between Mike (Fig. 9b) and Haiyan
(Fig. 9¢). The average moving speed during the deepen-
ing of Mike from 6 to 10 November 1990 is approximately
5.2 m s~!, whereas that of Haiyan from 4 to 6 November
2013 is approximately 8.4 m s~!. During the deepening,
the TCHP value is lower than 80 kJ cm~2 beneath Mike,
whereas the TCHP value is higher than 120 kJ cm~2 below
Haiyan. This indicates that Mike intensified over rela-
tively low TCHP and slow movement around 5-10°N. The
ratio of the number of records for TC deepening to that
of the total number of records over the TCHP area with
60-80 kJ cm~2 is 0.45 with moving speeds of 5-7 m s~ !,
while that exceeding 100 kJ cm™2 is 0.49 with moving
speeds of 7-9 m s~!. Both ratios are statistically signifi-
cant at a significance level of 0.05. However, the duration
of TC deepening exceeding 10 hPa for the nearest 6 hours
clearly differed between Mike (18 h) and Haiyan (30 h)
even though both TCs underwent rapid TC deepening in a
similar way. The difference of duration did not affect the
occurrence of TC intensification, but the maximum inten-
sify of the two TCs.

Figure 10 shows the evolution of TCHP and Z26 derived
from daily MOVE reanalysis data (Fig. 10a) and that of
the difference between the 5-day TCHP and daily TCHP
for Haiyan (Fig. 10b). The TCHP value is high during the

intensification, even though daily TCHP is used. The dif-
ference is relatively small and insignificant (lower than
10 kJ cm~2) during the intensification phase of Haiyan, but
becomes significantly large (higher than 25 kJ cm™2 at a
statistical significance level of 0.1, based on the 7 test) dur-
ing the mature phase at 1200 UTC on 8 November 2013,
even though the average moving speed on 8 November is
approximately 11.4 m s~!, faster than the moving speed
during the intensification. The error is approximately
10 kJ cm ™2 between daily and 5-day TCHP products under
the condition that Z26 is approximately 100 m, which
corresponds to the change in water temperature of 0.2 °C
above Z26. This is because Haiyan-induced sea surface
cooling is relatively small due to the relatively fast moving
speed of Haiyan.

The comparison between cases of Mike and Haiyan
indicates that relatively high TCHP led to more rapid deep-
ening exceeding 10 hPa for the nearest 6 hours during the
intensification phase. In addition, relatively long duration
resulted in an increased maximum intensity. The differ-
ence in best-track central pressures is greatest at the mature
phase between Mike (915 hPa) and Haiyan (895 hPa).
Here, the focus moves to the difference in the maximum
intensity between Mike and Haiyan.

Previous studies indicate that it is not TCHP, but accu-
mulated TCHP from the genesis of TCs to the attainment
of maximum intensity that is highly correlated with TC
maximum intensity (Wada and Usui 2007; Wada and Chan
2008; Wada 2009; Wada et al. 2012; Vissa et al. 2013). In
addition, the temporal evolution of TC intensity is related
to that of the horizontal specific humidity flux within the
inner core of a TC in the lower troposphere, where iner-
tial stability is relatively high (Wada et al. 2013). When the
above-mentioned studies are taken into consideration, the
accumulated TCHP, the duration over the positive TCHP
region, is connected with the increase in horizontal spe-
cific humidity fluxes within the inner core of a TC in the
lower troposphere through the excitation of mesovortices
between the eye and the radius of maximum wind speed
(Wada 2009). However, whether the difference in best-
track central pressures between Mike (915 hPa) and Hai-
yan (895 hPa) can be explained only by the difference in
the accumulated TCHP is beyond the scope of the present
study.

Nevertheless, the difference in lower-tropospheric envi-
ronments from 1990 to 2013 obtained from the JRA-55
data set will provide beneficial information for understand-
ing the reason why the best-track central pressures dif-
fer between Mike and Haiyan. Figure 11 shows the time
series of 13 monthly mean specific humidities and geo-
potential height at the 925 hPa level averaged over the area
around 5-10°N and 125-150°E from 1985 to 2013. Dur-
ing this period, the mean specific humidity near the surface
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Fig. 9 a Best tracks of (a) 20N 1000
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boundary layer significantly increased around the tracks
of Haiyan and Mike at a significant level of 0.01 based on
the F-test, whereas the mean geopotential height decreased
little. However, the process that connects the increase in
TCHP values with that in the specific humidity at 925 hPa
height has not yet been clarified. In any cases, atmospheric
environmental conditions, such as the moisture distribution
in the lower troposphere shown in Fig. 11, can be affected
by a change in the environmental TCHP distributions. The
effect of the environmental TCHP distribution on the physi-
cal processes of TC deepening through a change in atmos-
pheric environments, including the increase in specific
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humidity in the lower troposphere, should be clarified in
the future.

4 Concluding remarks

To provide operational guidelines that include information
regarding the threshold of tropical cyclone heat potential
(TCHP) for improving tropical cyclone (TC) intensity fore-
casting in the western North Pacific, this study explored
the relationship between TCHP and TC deepening for TC
moving speed, TC central pressure, and geographic factors
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Fig. 10 a Same as Fig. 9c, except that the daily TCHP and Z26
are used. b The difference in TCHP (kJ cm™2) and Z26 (m) values
between the 5-day MOVE and daily MOVE
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Fig. 11 Time series of the 13 monthly mean specific humidity and
the geopotential height at the 925 hPa level averaged over the area
around 5-10°N and 125-150°E from 1985 to 2013

such as longitude and latitude. TCHP is a measurable met-
ric calculated by the summation of ocean heat content from
the surface down to the depth of the 26 °C isotherm (Z26).
TCHP calculated by the North Pacific version of the
Meteorological Research Institute multivariate ocean vari-
ational estimation (MOVE) system is verified using TCHP

based on in situ observations by profiling floats from 2002
to 2012. After 2008, MOVE-based TCHP becomes high
compared to TCHP data before 2007 with reference to the
TCHP value calculated from in situ observations. Around
the seasonal thermocline, the positive bias of water temper-
ature in the MOVE reanalysis has been remarkable since
2008, being responsible for the positive bias of MOVE-
based TCHP. The lower the latitude is, the greater the
impact of the difference in water temperature on the TCHP
calculation.

After verification, the relationship between TCHP before
the passage of a TC and TC deepening was investigated by
using MOVE-based TCHP calculated based on 5-day mean
ocean reanalysis data from 1985 to 2012. The ratio of the
number of records with positive deviation Apg, > 0 hPa to
the total number of records was 28.9 % during this period.
This study examines the threshold of 5-day MOVE-based
TCHP for the increase in the occurrence of TC deepening:
TC deepening is defined by a positive deviation of the TC
central pressure (Apg, > 0) for the nearest 6 hours at the
corresponding TC record from that at the subsequent TC
record. The reference ratio of the number of records for
the occurrence of TC deepening to that of the total num-
ber of records irrespective of TCHP is determined at first.
The reference ratio indicates the probability for the occur-
rence of TC deepening irrespective of TCHP. The ratio is
calculated for each bin of central pressure, moving speed
and the TCHP value. Statistical significance is examined
for each ratio with reference to the reference ratio based on
the z-test. When the ratio for each TCHP bin significantly
exceeds the reference ratio, the TCHP value is regarded as
a requisite condition for the increase in the occurrence of
TC deepening. The minimum range of TCHP is regarded as
the threshold of TCHP for the increase in this study.

The threshold is lowest (40-60 kJ cm™?) around
5-10°N, west of 120°E, and east of 140°E, whereas it is
highest (80-100 kJ cm™?) around 15-20°N. The thresh-
old decreases as the latitude increases and the longitude
decreases. The effect of the threshold on the increase in the
occurrence of TC deepening is remarkable west of 120°E:
The ratio increases extremely from 0.22 to 0.38. Around
15-20°N, no threshold of TCHP is significant at a signifi-
cance level of 0.05. The threshold is an index providing an
essential condition for the increase in the occurrence of TC
deepening: high TCHP value is requisite for the increase
in the occurrence of TC intensification at a certain central
pressure and moving speed. However, geographical factors
should be considered to determine the threshold of TCHP
in TC intensity forecasts.

Around 5-10°N, the ratio of the number of records for
TC deepening to that of the total number of records is not
significant at a significance level of 0.05 when the cen-
tral pressure is lower than 960 hPa, the moving speed is
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lower than 3 m s~! and higher than 9 m s™!, even though
a MOVE-based TCHP exceeds 100 kJ cm™2. This study
addresses Typhoons Mike (1990) and Haiyan (2013) as
case studies. Mike enables to intensify under a relatively
low TCHP (<80 kJ cm™?) and slow movement (nearly
5.2 m s7Y), although the maximum intensity was rela-
tively weak compared with that of Haiyan under a rela-
tively high TCHP (>120 kJ cm™2) and fast movement
(nearly 8.4 m s!). In fact, the duration of TC deepening
exceeding 10 hPa for the nearest 6 hours for Mike (18 h)
is shorter than that for Haiyan (30 h). TCHP derived from
daily MOVE data was compared with 5-day MOVE-based
TCHP. The results indicate that the difference between
daily MOVE-based TCHP and 5-day MOVE-based
TCHP, less than 10 kJ cm™2, is not significant during
the intensification phase, corresponding to the change in
water temperatures approximately less than 0.2 °C above
726. This is because Haiyan-induced sea surface cooling
is relatively small due to the relatively fast moving speed
of Haiyan.

When MOVE-based TCHP before the passage of a TC
is used for monitoring TC deepening, not only the thresh-
old for each latitudinal or longitudinal bin, but also that for
each TC intensity or TC moving speed bin should be taken
into consideration for monitoring TC intensity changes and
TC intensity forecasts. It should be noted that the relation-
ship between TCHP and TC maximum intensity is different
from that between TCHP and TC deepening or TC intensi-
fication: The longer duration results in the greater ampli-
tude of TC deepening due to an increase in accumulated
TCHP, even if a TC begins to deepen even over the rela-
tively low TCHP area.
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