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ABSTRACT: Devastating Japan in October 2019, Supertyphoon (STY) Hagibis was an important
typhoon in the history of the Pacific. A striking feature of Hagibis was its explosive rapid intensi-
fication (RI). In 24 h, Hagibis intensified by 100 knots (kt; 1 kt = 0.51 m s7"), making it one of the
fastest-intensifying typhoons ever observed. After RI, Hagibis's intensification stalled. Using the
current typhoon intensity record holder, i.e., STY Haiyan (2013), as a benchmark, this work explores
the intensity evolution differences of these two high-impact STYs. We found that the extremely
high prestorm sea surface temperature reaching 30.5°C, deep/warm prestorm ocean heat content
reaching 160 kJ cm~?, fast forward storm motion of ~8 m s, small during-storm ocean cooling
effect of ~0.5°C, significant thunderstorm activity at its center, and rapid eyewall contraction were
all important contributors to Hagibis's impressive intensification. There was 36% more air—sea
flux for Hagibis's RI than for Haiyan's. After its spectacular RI, Hagibis's intensification stopped,
despite favorable environments. Haiyan, by contrast, continued to intensify, reaching its record-
breaking intensity of 170 kt. A key finding here is the multiple pathways that storm size affected
the intensity evolution for both typhoons. After RI, Hagibis experienced a major size expansion,
becoming the largest typhoon on record in the Pacific. This size enlargement, combined with a
reduction in storm translational speed, induced stronger ocean cooling that reduced ocean flux
and hindered intensification. The large storm size also contributed to slower eyewall replacement
cycles (ERCs), which prolonged the negative impact of the ERC on intensification.
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n October 2019, Supertyphoon (STY)! Hagibis badly damaged Japan (including Tokyo) and

became the second costliest typhoon on record in the Pacific.? Hagibis was also the second

deadliest typhoon to affect Japan (next to Tip in 1979). This brings to mind another powerful
STY, Haiyan, which devastated the Philippines with ~6,000 deaths in 2013 (Lander et al. 2014;
Lin etal. 2014; Mori et al. 2014; Lagmay et al. 2015; Huang et al. 2017; Wada et al. 2018; Kuo et
al. 2019; Tsujino and Kuo 2020). Though both are among the highest-impact category-5 STYs in
the history of the Pacific and both experienced rapid intensification (RI) (Holliday and Thompson
1979; Kaplan and DeMaria 2003; Knaff et al. 2018), their intensity evolution was actually quite
different, contributing to substantially different impacts at landfall.

Hagibis explosively intensified from 60 to 160 knots (kt; 1 kt~0.51 ms™) (tropical storm
to category 5) between 1200 UTC 6 October and 1200 UTC 7 October 2019 (Fig. 1a). This 100-kt
intensification in 24 h is 333% of the RI threshold [30 kt (24 h)~'; Kaplan and DeMaria 2003]
and is close to the record-breaking intensification rate of 105 kt (24 h)~! for Hurricane Patricia
of 2015 (Rogers et al. 2017).

After the impressive RI, Hagibis reached its lifetime maximum intensity (LMI) of 160 kt
(Fig. 1a). It soon passed over the Guam/Mariana Islands. On 8 October, its intensity weak-
ened to 120 kt and then returned to ~135-145 kt until 0000

UTC 10 October. Subsequently, Hagibis’s intensity started to
decline as it moved northward over colder waters toward Japan
(Ito et al. 2015). Upon landfall on 12 October, Hagibis’s intensity
was at category 2 (75 kt) (Fig. 1a). Though category 2 was still a
significant wind speed, torrential rain was the main cause for
damage (K. Tsuboki 2019, personal communication).

Haiyan also rapidly intensified, but not as fast as Hagibis, in-
tensifying by 60 ktin 24 h (i.e., 70 to 130 kt between 0000 UTC
5 November and 0000 UTC 6 November 2013) (Fig. 1b).? In
contrast to Hagibis, after RI, Haiyan continued to intensify,
reaching a peak intensity of 170 kt (i.e., even to category-“6"*
status) (Lin et al. 2014; Huang et al. 2017). This 170-kt LMI
is still the intensity record holder for Pacific typhoons to date.
Most unfortunately, Haiyan made landfall at this 170-kt wind
and devastated the Philippines with deadly surge induced by
this extreme wind interacting with local geography under pre-
existing high sea level condition (Lin et al. 2013a, 2014; Mori
et al. 2014; Lagmay et al. 2015).

The apparent contrast in intensity evolution between these
two STYs triggers our investigation. We will separate our dis-
cussion into two periods, the RI period (P1) and the post-RI
period (P2). Specifically for P1, we ask why Hagibis was able
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! STYs are typhoons of 1-min maximum sustained
wind speed >130 kt, i.e., high category-4 and
category-5 typhoons on the Saffir-Simpson
scale. Because both cases are of category 5, they
are STYs.

Without factoring in inflation, Hagibis (2019)
was the costliest typhoon (15 billion U.S.

~

dollars) on record. However, if the inflation
rate change is considered, Mireille (1991) was
the costliest typhoon (10 billion in 1991 U.S.
dollars and 18.8 billion in 2019 U.S. dollars).
Data sources: https://en.wikipedia.org/wiki
/Typhoon_Hagibis and https://en.wikipedia.org/wiki
[/Typhoon_Mireille.

w

To compare with Hagibis, the RI period for Haiyan
was also chosen to be within a 24-h window
where Haiyan had the steepest intensification,
and also of similar during-RI intensity category
evolution as Hagibis.

S

Currently, the highest category on the Saffir—
Simpson scale is category 5 (i.e., 2137 kt).
Because Haiyan was much more intense than
most “regular” category-5 TCs, it was proposed
that Haiyan is more suitable to be classi-
fied as of “cateogy-6” status (Lin et al. 2014;
Huang et al. 2017).
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Fig. 1. (a) TC intensity time series (gray curve) of Hagibis (2019), with vertical wind shear (VWS)
depicted. Due to Hagibis’s large size, two types of VWS are calculated, i.e., averaged over a
200-800-km-radius ring (default approach), and averaged over a 400-1,000-km-radius ring
(additional approach). “P1"” denotes period 1 (Rl period). “P2" denotes period 2 (post-Rl period). “G"
denotes passing over Guam/the Mariana islands. The pink bar depicts the time of the warm ocean
eddy (WOE) passing. (b) As in (a), but for Haiyan (2013). (c),(d) As in (a) and (b), but for upper-level RH.

to intensify faster than Haiyan. For P2, we ask why, after a faster RI, Hagibis was not able to
intensify further like Haiyan. This is especially curious because after RI, vertical wind shear
(VWS) dropped to only 2—4 m s for Hagibis (Fig. 1a). Hagibis also went over a prominent warm
ocean eddy (WOE; Figs. 2c,d). This combination has been recognized to be highly favorable
for intensification (Shay et al. 2000; Frank and Ritchie 2001; Lin et al. 2009a). Nevertheless,
Hagibis did not intensify much.

Data and methods

Because tropical cyclone (TC) intensity is influenced by multiple factors spanning different
spatiotemporal scales (Marks et al. 1998; Rogers et al. 2006; Dougherty et al. 2018), our
investigation is based on four aspects: 1) large-scale atmospheric environment, e.g., VWS
and relative humidity (RH) (De Maria et al. 2005; Knaff et al. 2005, 2018; Kaplan et al. 2010;
Rogers et al. 2017); 2) large-scale pre-TC ocean environment and local-scale, during-TC
air-sea interactions, e.g., pre-TC sea surface temperature (SST), pre-TC ocean heat con-
tent (OHC), TC’s self-induced ocean cooling effect (during TC), and the during-TC air-sea
fluxes (Shay et al. 2000; Cione and Uhlhorn 2003; Lin et al. 2005, 2013b; Wu et al. 2007;
Goni et al. 2009; D’Asaro et al. 2014; Cione 2015; Jaimes et al. 2015; Tsuboki et al. 2015;
Zheng et al. 2015; Zhang et al. 2017; Cheng and Wu 2020; Chih and Wu 2020); 3) vortex-scale
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Fig. 2. (a),(b) Pre-TC SST (2 days before category 1) for Hagibis (Haiyan). (c),(e) As in (a) and (b), but for ocean heat content
(OHCQ). Locations of in situ Argo floats are depicted as triangles (pre-TC Argo) and circles (during-TC Argo). (d) Satellite
sea surface height anomaly (SSHA) map showing WOE. The location of (d) is shown as the white box in (c).

properties, e.g., storm size, translation speed (Uh), and eyewall replacement cycles (ERCs)
(Chavas and Emanuel 2010; Chan and Chan 2012; Knaff et al. 2016; Chang and Wu 2017;
Molinari et al. 2019; Shen et al. 2021); and 4) convective-scale features, e.g., radial location
of deep convection (Rogers 2010; Rogers et al. 2013, 2015, 2016; Miyamoto and Takemi 2015;
Kanada et al. 2017; Hu and Wu 2020; Peng and Wu 2020).

For observations, atmospheric environmental data are from the U.S. National Centers for
Environmental Prediction Climate Forecast System Reanalysis (NCEP CFSR; V2, 6-hourly
and 1° data). VWS is calculated based on the 850- and 200-hPa wind difference, averaged
over a ring area (200-800 km) from the TC center (De Maria et al. 2005; Rogers et al. 2017).
Considering Hagibis’s large size, VWS is also calculated over a 400—-1,000-km ring for com-
parison. Similar to VWS, RH is calculated based on the same ring areas. RH is calculated at
two levels, i.e., average at 500—700 hPa (midlevel) and average at 300—500 hPa (upper level)
(Knaff et al. 2005; Rogers et al. 2017).

Ocean data are from the satellite microwave (MW) SST (cloud penetrating, daily and 25-km
resolution; http://data.remss.com/SST/daily/mw/), satellite altimetry sea surface height anomaly
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(SSHA; daily and 25-km resolution; https://marine.copernicus.eu/), and in situ Argo float tem-
perature/salinity profiles (ftp:/ftp.ifremer.fr/ifremer/argo/dac/). SSHA is used to identify preexist-
ing warm and cold ocean eddies and for OHC derivation (Shay et al. 2000; Lin et al. 2008;
Goni et al. 2009; Pun et al. 2007, 2014). Argo profiles are for both the pre-TC SST (searched
within 8 days and 4° radius from the track), as well as the during-TC SST [searched within
TC’s transit time (see definition below) and within 200-km radius from track].

TC track, intensity, size, and Uh are from or derived from the U.S. Joint Typhoon Warning
Center (JTWC)’s best track data (6 hourly). Size parameters include radius of maximum wind
(RMW),> 50-kt-wind diameter (D50), and radius of 64-, 50-, and 34-kt winds (R64, R50, R34,
respectively). Uh is calculated based on the two neighboring points. Advanced Scatterometer
(ASCAT) data are also used for ocean surface wind field observation [courtesy of the NOAA
NESDIS Satellite Application and Research (STAR) Ocean Surface Wind team)].

Precipitation structure and distribution are assessed using passive microwave imagery
at 85-91 GHz for ice scattering, which is a proxy for deep convection [courtesy of the U.S.
Naval Research Laboratory (NRL)]. Convective activity is also observed using the infrared
(IR) brightness temperature (Tbs) imagery from NRL. Other information on TC structure
and the presence of ERCs is indicated by the Morphed Integrated Microwave Imagery

(MIMIC) and the Automated Rotational Center Hurricane Eye
Retrieval (ARCHER)/Microwave-based Probability of Eyewall
Replacement Cycle (M-PERC) data (Kossin and DeMaria 2016;
Wimmers and Velden 2016; Wimmers et al. 2018) of the U.S.
Cooperative Institute for Meteorological Satellite Studies
(CIMSS). The ERC signature was assessed based on a hybrid
approach,® as it involves both subjective human interpretation
(Hawkins and Helveston 2008; Kossin and Sitkowski 2009;
Kuo et al. 2009; Sitkowski et al. 2011) on the completeness and
thickness of an outer convective ring in the MIMIC microwave
imagery animation and the objectively identified M-PERC ring
score Hovmoller diagram showing contracting outer-ring fea-
tures. Satellite infrared (IR) imagery are also used to provide
additional details.

For numerical analyses, the 3D Price—Weller—Pinkel (PWP)
ocean model (Price et al. 1986, 1994) is used to assess the
TC’s self-induced ocean coupling (cooling) effect (called cool-
ing effect or cooling hereafter). It is a well-recognized model
for this purpose. Its application over the WNP has also been
validated during the Impact of Typhoon on Pacific (ITOP) field
campaign (Lin et al. 2013b; D’Asaro et al. 2014). The cooling ef-
fect is governed by multiple factors including the pre-TC ocean
temperature and salinity profiles, background ocean current, as
well as TC attributes (i.e., wind speed, Uh, and size) (Price 1981;
Lin et al. 2009b; Knaff et al. 2013; D’Asaro et al. 2014; Ko
et al. 2014; Walker et al. 2014; Mei et al. 2015; Wu et al. 2016;
Pun et al. 2018, 2019; Balaguru et al. 2020; Chang et al. 2020).

Here 3DPWP is run with wind forcing (including wind profile
shape) from the JTWC, and according to TC transit time, i.e., D50
over Uh (Lin et al. 2008, 2013b), at each 6-hourly track location.
Wind speed is the 10-min wind, converted from the original
1-min wind speed of the JTWC best track. The drag coefficient
(Cd) used is the high wind Cd from Powell et al. (2003). Pre-TC
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° TC-penetrating flights over the WNP are rare (Wu
et al. 2005; D’Asaro et al. 2014; Ito et al. 2018).
Kossin et al. (2007) examined the estimated
errors for the RMW from best track data in the
North Atlantic by comparing their values with
that from aircraft reconnaissance. They found
the mean absolute error of the estimated RMW
is ~10 km.

o

This hybrid approach was adopted because
either subjective, human ERC identification or
objective, machine-based (i.e., ARCHER/M-PERC)
identification has its own respective advantages
and disadvantages. ARCHER/M-PERC was devel-
oped because human identification is subjective
and different interpreters may have different
answers. Also, human identification is a
qualitative binary classifier, i.e., only “yes” or
“no” for ERC occurrence is provided. However,
the ARCHER/M-PERC approach is based on a
quantitative model, which offers quantitative
measure of ERC occurrence probability. It is a
full model which also takes into account TC’s
intensity as well as previous image evolution.
In addition, ARCHER/M-PERC can effectively
and concisely organize the large amount of
information in the microwave image sequence/
animation into one Hovmoéller diagram for
convenient viewing. Thus, this automatic
machine-based tool also reduces the tedious/
time-consuming human interpretation tasks in
ERC identification. Nevertheless, like all models,
this automatic model is not perfect and due to
the complex nature of ERC features (e.g., rain-
bands), the confusion/variability from various
noise sources (e.g., diurnal pulses), and satellite
sensor resolution issue on TC eye-resolving, hu-
man interpretation is still important. Therefore,
we adopt this complementary, hybrid approach.
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temperature and salinity profiles are from the pre-TC Argo observations. Two observed runs
(experiments 1 and 2), i.e., one for each STY, are conducted using inputs based on the respec-
tive JTWC observations and the pre-TC Argo. These results are discussed in the main text.
Additional sensitivity tests (i.e., experiments 3-6) are conducted in the online supplement
(https://doi.org/10.1175/BAMS-D-20-0223.2) to provide further details. A summary of the experi-
mental design is in appendix A.

After running the 3DPWP, the during-TC SST, i.e., pre-TC SST minus cooling, is obtained.
This during-TC SST (can be called in-storm SST) are then used with the NCEP near-surface
air temperature and humidity data for air-sea sensible and latent heat flux (SHF and
LHF) estimation (Black et al. 2007; Lin et al. 2013b; D’Asaro et al. 2014; Cione 2015;
Jaimes et al. 2015; Zhang et al. 2017). SHF and LHF are calculated based on the bulk
aerodynamic formulas under high wind conditions. The exchange coefficients used are
from Zhang et al. (2008). Near-surface (10-m) air temperature and humidity’ are obtained
from converting the NCEP sigma 995 level (~40-m) data to
10 m (Fig. ES1 in the online supplement), using the observed
relationship from a large amount of historical TC inner-core
dropsonde observations (Zhang et al. 2013, 2020) in category-4 uncertainty involved in the reanalysis data but
and category-5 TCs in the North Atlantic, and averaged in the do what we can to enhance the accuracy, e.g.,
RMW region . converting the NCEP sigma-995-level data to 10 m.

Additional information on data and methods is found in
appendixes A-E.

" NCEP data are used in the absence of aircraft
measurements. We acknowledge the possible

Results

Rl period (P1). We first examine VWS. As in Fig. 1a, Hagibis’s VWS fluctuated between
6 and 9 m s! during RI. Haiyan had less fluctuation, remaining between 7 and 8 m s™*
(Fig. 1b). The averaged VWS was 7.6 (7.9) m s~ for Hagibis (Haiyan). It appears that
both cases were able to undergo RI under moderate VWS and the difference in VWS was
small. As for the RH condition, Hagibis’s RH was even lower than Haiyan’s (Figs. 1c,d
and ES2 in the online supplement); thus RH also cannot explain the faster RI in Hagibis
than Haiyan.

Checking the pre-TC ocean conditions, very warm pre-TC SST of ~30°-30.5°C for Hagibis
(Fig. 2a) and high potential intensity (PI; Bister and Emanuel 1998) of ~88 m s~! were found.
The pre-TC SST (PI) for Haiyan was also favorable, i.e., ~29°-29.5°C in Fig. 2b (~80 m s™),
though not as high as for Hagibis. Hagibis’s pre-TC OHC was also higher, i.e., ~140-160 k] cm™
(Fig. 2¢) versus ~115-135 kJ cm for Haiyan (Fig. 2e). Therefore, pre-TC ocean conditions
were excellent for both STYs, though Hagibis’s were even better. In fact, the pre-TC ocean
conditions for Hagibis were among the most favorable ever observed in category-5 typhoons
over the WNP (Lin et al. 2008, 2014; Pun et al. 2013; D’Asaro et al. 2014). Also, both storms
had pre-TC OHCs comparable to those found for Hurricane Patricia (Rogers et al. 2017). As in
Shay and Brewster (2010), eastern North Pacific (wWhere Patricia was) is characterized by high
upper-ocean stratification and a revised OHC parameter with inclusion of the stratification
factor, called “equivalent” OHC, was proposed. Therefore, besides regular OHC, E-OHC was
also calculated and pre-TC E-OHC of the three TCs was similar and comparable (see section
“Equivalent OHC estimation” in the online supplement).

Vertical temperature profiles from the pre-TC in situ Argo floats (Fig. 3a) confirm the bet-
ter pre-TC ocean thermal condition for Hagibis. However, this does not necessary guarantee
there will be more energy (through air-sea fluxes) for Hagibis’s RI, because the key period is
“during intensification” and the contribution from cooling needs to be included (Price 1981;
Lin et al. 2013b; D’Asaro et al. 2014; Huang et al. 2015). As such the actual parameter needed
is the during-TC SST (pre-TC SST minus cooling) and not just the pre-TC SST. Three sources of
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during-TC SST, i.e., 3DPWP
output, in situ Argo observa-
tion (if found), and MW SST,
were examined and used in
the flux calculation.
Figures 3c and 3d illus-
trate the 3DPWP results
for both typhoons. In gen-
eral, due to the fast Uh
(7.7-7.8 m s, Table ES1 and
Figs. 4c,d) and preexisting
deep/warm ocean, cooling
was small in both cases.
During-TC SST of ~29.8°C
(blue dashed profile), cor-
responding to ~0.5°C cool-
ing from the pre-TC SST of
~30.3°C (blue solid pro-
file), was found for Hagibis
(Fig. 3¢, Table ES1). For
Haiyan, during-TC SST was
~28.9°C (red dashed pro-
file in Fig. 3d), i.e., ~0.1°C
cooling from the pre-TC SST
of ~29.0°C (red solid pro-
file). Though in comparison
Hagibis had stronger cool-
ing (due to its larger size
and pre-TC ocean profile
shape), it had a warmer pre-
TC SST (~30.3°C) to start
with. Hagibis’s during-TC
SST was thus still about
0.9°C higher than Haiyan’s.
As in Table ES2, this differ-
ence in during-TC SST is a
main contributor to the dif-
ferences in air-sea humidity
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Fig. 3. Three-dimensional PWP simulations for period 1 (P1, i.e., Rl period):
(a) pre-TC ocean temperature profiles from in situ Argo floats (for locations,
see Figs. 2¢,e). Individual profiles (thin profiles) are averaged to obtain
the two mean profiles (thick profiles). (b) As in (a), but for pre-TC salinity
profiles. (c) Simulation result for Hagibis (i.e., experiment 1). The solid blue
profile is the initial temperature profile [i.e., the mean blue profile in (a)].
The simulated, during-TC profile is the dashed blue profile. (d) As in (c),
but for Haiyan (i.e., experiment 2). The initial pre-TC profile is in solid red
and the simulated during-TC profile is in dashed red.

(Aq) and the latent heat flux between the two STYs. As a result, Hagibis has 36% more air-sea
enthalpy (sensible + latent heat) flux (~1,250 vs 920 W m~2) than Haiyan during RI (Fig. 5).
A value of during-TC SST near 30°C under intense TC-ocean interaction is one of the highest
reported over the WNP (Fig. 3c). During the ITOP field campaign, during-TC SST of ~29°C
(i.e., lower) was observed in STY Megi (Pun et al. 2011; Lin et al. 2013b; D’Asaro et al. 2014).
In short, because of Hagibis’s high pre-TC SST and small ocean cooling (due to fast Uh over
deep/warm ocean), Hagibis was able to have high during-TC SST and fluxes during its RI.
In terms of vortex structure, Hagibis had an RMW of ~45 km about 18 h prior to RI onset,
while Haiyan’s RMW was ~65 km (Figs. 4ab). In a study of intensification rates and wind
structure for typhoons, Xu and Wang (2018) found that typhoons with smaller RMWs tend to
have a higher intensification rate. By the time of RI onset (i.e., at the beginning of P1), both
STYs had RMW values of ~30 km. Such small RMW values are consistent with theoretical
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and observational studies showing small-RMW TCs are more likely to undergo RI (Emanuel
1989; Chen et al. 2011; Carrasco et al. 2014; Xu and Wang 2018). As RI began, both STYs
had a substantial contraction of their RMW, but Hagibis’s RMW contracted more rapidly than
Haiyan (from ~30 to ~10 km in 6 h for Hagibis vs 18 h for Haiyan, respectively) during P1.
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Fig. 4. (a).(b) As in Fig. 1, but TC intensity with two TC size parameters (RMW and R34). (c),(d) As
in (a) and (b), but with Uh (translation speed). (left) Hagibis. (right) Haiyan.
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Fig. 5. As in Fig. 1, but for TC intensity (gray curve) with air-sea enthalpy (i.e., sensible + latent
heat) fluxes. The fluxes are calculated based on three sources of during-TC SST, i.e., the 3DPWP
result (in purple), Argo in situ SST (in green, where applicable), and satellite MW daily SST (in
red). (a) Hagibis. (b) Haiyan.
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The precipitation structure, 148 E 150 € 152
as illustrated by 85-91-GHz ;
microwave imagery, shows
that Haiyan had a concentrated
area of strong ice scattering,
indicative of deep convection,
surrounding a tiny eye with
an estimated eye diameter of
40-50 km (Fig. 6b). This esti-
mated eye diameter is roughly
consistent with the estimated
RMW from the best track datas-
et shown in Fig. 4b. Hagibis, by
contrast, showed ice scattering
maximized on the west side of,
and closer to, the storm center
(Fig. 6a). It is possible that this
location of deep convection
(also seen at later times during
and just after P1; i.e.,, 0711,
1738, and 1944 UTC 7 October,
cf. Figs. ES3, ES4), nearly
coincident with Hagibis’s cen-

Post-RI (P2
ter, led to the rapid contraction o5t (P

of the RMW shown in Fig. 4a.  fig 6. (a) U.S. Department of Defense (DoD)’s Defense Meteorological
Deep convection located closer  satellite Program (DMSP) F-17 satellite 91-GHz brightness temperature
tothe TC center has beenlinked  (shaded, K) for STY Hagibis, valid at 2025 UTC 6 Oct 2019. (b) As in (a),
to TC intensification due to  but for STY Haiyan, valid at 0816 UTC 5 Nov 2013. (c) As in (a), but for
GCOM-W1 89 GHz, valid at 0409 UTC 9 Oct 2019. (d) As in (b), but for TRMM
preferentially located within a 85 GHz, valid at 1027 UTC 6 Nov 2013. Tick marks denote 1°; lines denote
. 0 . o 2°. Black x in (a) and (b) denote the location of the center based on the

region of high inertial stability best track. Each image is ~600 km on a side. All images are courtesy NRL
(Pendergrass and Willoughby  sjte (www.nrlmry.navy.mil/tc-bin). P1 (P2) denotes period 1 (2).
2009; Vigh and Schubert 2009;
Rogers et al. 2013) as well as
being more likely to cause inward transport of angular momentum and rapid eyewall contrac-
tion (Smith and Montgomery 2016; Chen et al. 2018).

The above suggests the small RMW, favorable radial location of deep convection, and rapid
eyewall contraction contributed to Hagibis’s intense RI. Besides the above, both STYs intrigu-
ingly had ERCs occur during the RI phase (Figs. 7, 8). As in Fig. 7, ERCs (i.e., ERC 1) for both
STYs were identified, but they did not appear to limit the RI process, as has been shown in a
recent Atlantic example, i.e., Irma (2017) (Fischer et al. 2020).

peak diabatic heating being

Post-RI period (P2). As described in the introduction, the question for P2 is why, after a faster
RI, Hagibis was not able to intensify further like Haiyan. During 8—9 October, VWS even dropped
to 2-4 m s7!, and yet Hagibis’s intensity fluctuated, suggesting other unfavorable factors
existed that prevented Hagibis from further intensification (Fig. 1a). Early in P2 (8 October),
Hagibis’s intensity dropped to 120 kt as it encountered a weak cold ocean eddy (COE; in
Fig. ES5 in the online supplement) while undergoing the second half of ERC1 (Fig. 7a). After
Hagibis departed the COE and its ERC completed, Hagibis’s intensity increased back to 140 kt at
1800 UTC 8 October. Hagibis subsequently encountered a prominent warm ocean eddy (WOE)
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on 9 October (Figs. 1a, 2c,d). This WOE was characterized by very favorable SST of ~29.6°C
and OHC ~103 kJ cm~2, similar to Haiyan’s favorable P2 pre-TC ocean condition of SST ~ 29.1°C
and OHC ~ 109 k] cm~2 (Figs. 2, 9a). Nevertheless, even with comparable pre-TC ocean thermal
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Fig. 7. As in Fig. 1, but for TC intensity and the ERC cycles. (a) Hagibis and (b) Haiyan. In (a), COE and
WOE denote cold and warm ocean eddy passing time. ERC 1, 2, 3 is shown in yellow, blue, and green.
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Fig. 8. Microwave Probability of Eyewall Replacement Cycle (M-PERC) ring scores and ERC prob-
ability for (left) Hagibis and (right) Haiyan. P1 (P2) denotes period 1 (2). Ring scores are derived
from passive microwave 89-GHz imagery using ARCHER. Probabilities are produced using a
logistic regression model based on ring score and TC intensity values.
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conditions, Hagibis could Temperature(°C) Salinity(psu)
34

. . . 22 24 26 28 30 32 32 33 35 36

not intensify much, while I W TP SR T 0 - ! L
Haiyan intensified to 170 kt. b P2

We then examined other 20 o - % pre-TC i
possible distinguishing fac- 40 - |
tors such as pre-TC ocean
salinity, TC size, and TC = 609 (= 60 9 -
translation speed. There E 80 -Tg 80 L
was little difference in the § g
pre-TC salinity conditions 199 -1 i
(Fig. 9b). However, con- 120 HAGIBISPZ L 1o JHACIBIS P2 L
siderable difference in TC —ind —ind
size and Uh during P2 were 0T ki I tiad - a i
found. As in Figs. 4a and 4b 160 e e T 160 ——r—
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over the WOE on 9 October, % 80 - g -% 80 = -
compared witha 9.5 ms* 8 | ! S ., I
for Haiyan (Figs. 4c,d). Both
factors enhance the cooling 120 4 - 120 1 B
effect, because the larger TP I
the size and the slower the 7 ~= et T =o' I

160 ' . v . v 160 ————
] ] ] ] Ll L) ) )

Uh, the larger the cooling
(Price 1981; Lin etal. 2009b;  Fig. 9. As in Fig. 3, but for the 3DPWP simulations during period 2 (post-RI
Walker et al. 2014; Pun et al. period). Two in situ during-TC Argo profiles are found for the Haiyan case
2018; Chang et al. 2020). As  [see green profiles in (d)].
in Fig. 9c, cooling of ~1.3°C
was found (blue dashed pro-
file), and the corresponding flux was 880 W m~2 over the WOE (9 October, Fig. 5a). If Hagibis
was not so large and slow, but of similar size and Uh as Haiyan, cooling would only be ~0.3°C
and the flux supply would be much higher, i.e., ~1,300 W m~2 (Fig. ES7c and Tables ES3 and
ES4 in the online supplement).
As for Haiyan, the size increase during P2 was much less and its R34 remained around
200 km (Fig. 4b). Furthermore, Haiyan’s Uh was even faster during P2 (i.e., ~9.5 m s™!) than in
P1 (Fig. 4d). Therefore, Haiyan’s cooling remained small (0.2°C, dashed red profile in Fig. 9d),
as confirmed by the in situ during-TC Argo observations (green profiles) and also reported in
earlier work (Lin et al. 2014). There was thus ample flux (~1,830 W m~2) to support further
intensification to 170 kt (Fig. 5b). These flux results are also consistent with Zhang et al.’s (2017)
finding in Hurricane Edouard (2014) over the Atlantic.
In brief, the significant size enlargement and Uh slowdown caused an enhanced ocean cooling
effect to reduce air—sea fluxes to hinder Hagibis’s intensification during P2. In contrast, Haiyan
was able to remain compact in size and fast in Uh. Its cooling ef-
fect was therefore minimal and the associated fluxes were high.
In addition to the ocean-related factors described above, (appendix C), Haiyan’s higher wind speed also
the atmospheric RH environment, vortex structure, and { contributed to this high flux supply.

¥ Because flux is also a function of wind speed
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precipitation feature also supported the differing intensity evolutions of the two STYs dur-
ing P2. Both mid- and upper-level RH (Figs. 1c,d and Fig. ES2) show that the environment
around Hagibis dried substantially during P2, while RH values for Haiyan remained near
80%. Knaff et al. (2005) found that values of upper-level RH below ~60% were unfavorable
for intensification, and our results are consistent with their finding (see blue curve in Fig. 1c,
based on 400-1,000-km ring-area average, due to Hagibis’s large size during P2).°

Figure 10 compares the NRL IR Brightness Temperature
(Tb) imagery of the 2 STYs during P2. A distinct difference
in convective activity is seen for both STYs, as Haiyan’s

’Though the discussion in P2 focuses on

cloud-top temperature was 10°C colder than Hagibis’s. As
for the microwave imagery, Figs. 6¢ and 6d show ice scatter-
ing during P2 for each storm. Haiyan shows significant ice
scattering and deep convection around a small eye (~10-km

9 October, it is also worth mentioning that
toward the later part of P2 (i.e., 10-12 October),
Hagibis’s intensity continued to decline. This is
consistent with the observed negative environ-
ment factors including increase in VWS, reduc-

tion in RH (Bukunt and Barnes 2015), and low

RMW), with evidence of banding features wrapping around
OHC (Figs. 1a,c and 2a,c).

the northwest and into the southeastern quadrant (Fig. 6d).
These banding features likely were associated with the sec-
ondary eyewall formation and subsequent second ERC events
that Haiyan underwent (Figs. 7b, 8b). Though in existing literature (e.g., Wang 2009;
Rozoff et al. 2012), a broader wind field is proposed to favor ERCs, the ERC occurrences
in Haiyan suggest that ERCs can also occur in TCs of different sizes (e.g., compact TCs,
Fig. 6d). In fact, three ERCs were identified in Haiyan; yet Haiyan’s wind field remained
compact during P2 (Fig. 4b) with little disruption to intensification (Figs. 7b).

By contrast to Haiyan’s very small RMW (~10 km) and compact wind field, Hagibis (Fig. 6c)
showed a larger eye diameter of ~70-80 km and a clear indication of an outer eyewall, sug-
gesting that Hagibis had also been experiencing ERCs (Figs. 7a, 8a). In addition, a pronounced
outer band with extensive areas of deep convection spiraled out from the northwest quadrant
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Fig. 10. Infrared brightness temperature images for (left) Hagibis and (right) Haiyan during P2 (courtesy: U.S. NRL; data
sources: www.nrimry.navy.mil/tcdat/tc19/WPAC/20W.HAGIBIS/ir"geo/1km/20191009.0400.hm8.x.ir1Tkm.20WHAGIBIS.140k ts-
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all the way around to the southwest side of the storm between 100 and 200 km from the
center. A secondary convective ring is clear in the imagery and a pronounced third banding
feature wraps almost completely around the secondary ring.

This difference in the radial extent of precipitation between the two TCs was reflected in
the wind radii shown in Figs. 4a and 4b: Haiyan showed a fairly compact wind field, with
R34 only reaching ~250 km during its P2, while Hagibis had a much broader wind field, with
R34 reaching nearly 550 km during its P2. It appears that though both STYs experienced
ERCs during P2 (Figs. 7, 8),'° the ERC processes in a smaller TC such as Haiyan evolved more
quickly and the storm could overcome the inner-core disruption quicker and reorganize.
Haiyan’s structure was also able to remain compact. However,
for a larger TC with a wider moat such as Hagibis, the process
may take much longer and the negative impact from ERC to ** Detailed ERC imagery sequences are available
intensity (Sitkowski et al. 2011) appears more evident. A simi- for Hagibis (http://tropic.ssec.wisc.edulreal-time/

. . . . . . mimtc/2019_20W/web/mainpage.html) and Hai-
lar relationship between storm size, moat size, and intensity yan (http://tropic.ssec.wisc.edureal-time/mimic-
evolution during ERCs was found in an observational study of c/2013_31W/webManager/mainpage.html).
Hurricane Irma (2017) (Fischer et al. 2020). Irma underwent
several ERCs, one of which occurred while Irma was continuing to undergo RI. During this
ERC Irma had a small size (R34 ~ 150-200 km), similar to Haiyan, and a near-total lack of a
moat region as measured by airborne Doppler radar. During an earlier ERC, which did slow
Irma’s intensification, there was a clear moat region.

Composites of aircraft data in the Atlantic basin have also shown that a broader outer-core
wind field favors steady-state TCs (Rogers et al. 2013; Martinez et al. 2017), likely through a
reduction in radial inflow from enhanced inertial stability in the outer core that limits intensi-
fication. The large size and broad wind field in Hagibis compared to Haiyan is also shown in
ASCAT observations (Fig. 11). For example, the radius of the R34 wind field for Hagibis’s was
~520 km, while Haiyan’s was ~210 km. Similar relationships of size differences were seen in the
composite studies mentioned above. It should be noted, though, that this last point is specula-
tive since there were no aircraft data for either storm to measure the strength of the radial flow.

The above results point to the importance of Hagibis’s large size in limiting its intensi-
fication. We were thus curious to check “how big was Hagibis” among the WNP TCs. Since
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Fig. 11. Advanced Scatterometer (ASCAT) ocean surface wind vector images showing (left) Hagibis and (right) Haiyan
during P2. (courtesy: NOAA NESDIS STAR ocean surface wind team).
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the JTWC size records started from 2003,'! we examined all 256 TCs (>category 1) in the
entire 17 years of (2003-19) record. For each case, we identify the “lifetime maximum
R34” (LMR34). As in Fig. 12, we were also surprised to find that Hagibis is the largest TC
(characterized by LMR34) in the entire period. It can also be seen that Haiyan belongs
to the medium-sized category. We do not know why Hagibis was able to grow into such
large size within such short time. This is certainly an important new question that war-
rants future exploration.

Conclusions
By investigating factors spanning multiple spatiotemporal
scales (large-scale atmosphere, large- and local-scale ocean,
vortex-scale TC size, translation speed, ERC, and precipita-
tion-scale features), this research compares the intensity evolu-
tion of two important STYs, Hagibis (2019) and Haiyan (2013).
During the RI period (P1), Hagibis explosively intensified by
100 ktin 24 h, i.e., 333% of the RI threshold. Haiyan’s RI (60 kt
in 24 h) was also impressive, though slower than Hagibis. Two factors are identified to dif-
ferentiate the RI between the two cases. First there was ~36% more air-sea flux for Hagibis
than Haiyan, because Hagibis had higher during-TC SST of ~29.8°C (vs ~28.9°C for Haiyan)
to contribute to this flux difference. This high during-TC SST for Hagibis was a result of a
high pre-TC SST and a small ocean cooling
effect (from fast translation speed of ~8 m s 50%
over deep/warm ocean). The second factor is 120
related to the vortex and precipitation struc- -
ture. During P1, both STYs had an extremely 100
small RMW (~10 km, a condition often favor-
ing RI). However, Hagibis had a substantial
area of deep convection nearly coincident
with the center, a configuration known to be
favorable for significant intensification. That
placement of the deep convection, coupled
with a rapid eyewall contraction, were likely
critical contributors to Hagibis’s explosive
RI. By contrast, Haiyan had deep convection
near the center, but it was in a ring surround-
ing the center at a radius consistent with the
RMW. We also found during P1 that ERCs
occurred in both STYs. Despite the presence
of these ERCs, RI was not hindered in either
case. These two new cases add support to
the recent finding in Fischer et al.’s (2020)
analysis of Hurricane Irma (2017), that ERCs

"' AsJTWC size records started from 2003, during
the earlier period (e.g., 2003 and 2004), the
record may not be complete. Also, since size is
arelatively new product, quality control is still
ongoing (Sampson et al. 2017).
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Fig. 12. Histogram showing the TC size distribution of the
256 TCs (category 1 and above) in the 17 years (2003-19)
of the JTWC size records. The six bars represent 0-100,
100-200, ..., 500-600 km. The size information is based on
the “lifetime maximum R34” (LMR34), i.e., one LMR34 for

indeed can occur, even during RI.

After the spectacular RI, Hagibis’s in-
tensity dropped and fluctuated during P2
(8-9 October). By contrast, Haiyan intensi-
fied all the way to the record-breaking 170 kt
intensity (Lin et al. 2014). This is puzzling be-
cause Hagibis’s pre-TC ocean conditions (e.g.,
SST and OHC) were comparable to Haiyan’s.
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each TC. LMR34 is identified when wind speed is >category
1. In the past 17 years, there were six TCs (2.3%) of LMR34
exceeding 500 km, with their ranking as follows: Hagibis
(2019): 535 km (landfall point)/537 km (over ocean); Lan
(2017): 505 km (excluding the transitional points from TC to
extratropical storm); Choi-Wan (2015): 502 km (over ocean);
Omais (2016): 500 km (over ocean); Mangkhut (2018):
500 km (over ocean but just before landfall); Chan-Hom
(2015): 500 km (over ocean).
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Hagibis’s VWS even dropped to 2—4 m s (much lower than Haiyan’s). Hagibis also had a better
startin P1. A surprise finding was how significant TC size was in differentiating between the
intensity evolutions of each typhoon. After RI, Hagibis experienced a major size expansion
(>200% enlargement, with R34 ~ 520 km), becoming the largest TC in the entire 17 years
(2003-19) of JTWC’s size records. In contrast, Haiyan’s size remained compact (R34 ~ 200 km).

This large size expansion can hinder Hagibis’s intensification in three different ways. First
is the greater ocean cooling. Though Hagibis was over a prominent warm eddy, its large size
together with a reduction in translation speed to 3—4 m s~! enhanced the cooling effect to
~1.3°C. Without such a size enlargement and translation speed reduction, cooling would only
be ~0.3°C and the flux supply would be much higher (1,300 vs 880 W m~2).

Second is the slower ERC process. As compared to the smaller-size Haiyan, the ERC process
of Hagibis was slower; thus, the negative impact from ERC appears to be more evident for
Hagibis. For Haiyan, the ERC process was found to evolve more quickly and the storm appeared
to overcome the inner-core disruption quicker and reorganize. Third is the possible reduction
in radial inflow'? from the broader tangential wind field and enhanced inertial stability in
the outer core, as shown in Rogers et al. (2013).

Reflecting back on these results, we appreciate the complex
interplay between environmental conditions, vortex-scale " Reduced inflow has been shown to be related
properties, and convective features. There is a delicate control o a broader tangential wind field and higher
on TC intensity via these multiscale interactions. Changes in

inertial stability, as observed by in situ air-
craft observation over the North Atlantic

vortex-scale properties (e.g., size) can impact TC intensifica- (Rogers et al. 2013). Though there was 1o rou-
tion via interactions with the large-scale ocean environment tine aircraft measurements over the western
through the ocean subsurface pathway, thus modifying the North Pacific to directly measure the radial flow

during-TC, local-scale air-sea interactions and flux to feedback for Hagibis and Haiyan, due to Hagibiss huge

to intensity change. Size change can also impact intensity via
the ERC pathway, through differences in the ERC evolution time.
Configuration of convective-scale feature, e.g., ice scattering at
TC center, may also be associated with vortex-scale rapid eyewall contraction that favors RI.
Certainly, these are only examples of nature’s fascinating and coexisting cross-scale interac-
tion pathways.

From the standpoint of predictive skill, a better understanding and prediction of these
pathways contributes to improved skill on different time scales. A change in storm translation
speed, passing over an ocean eddy, wind shear, environmental relative humidity, and other
related factors are mostly external to the storm dynamics and serve to modulate intensity
evolution over time scales ranging from 12 to 72 h or longer. The structure and location of
deep convection, eyewall replacement cycles, storm size, eye size, etc., are the response of
the storm to these external influences, and are part of the process of intensification. These
are useful for prediction on the short (6-12 h) term. We believe further explorations of these
pathways, and their multiscale interactions, will bring valuable benefits to TC intensity fore-
casting by providing a more holistic understanding of the TC intensity change, in particular
rapid intensification.

size, this possibility cannot be ignored and thus
is mentioned here.

Acknowledgments. We thank K. Tsuboki for helpful comments about Hagibis’s rainfall impact. Thanks
also to Jason Dunion for helpful discussions, to Tony Wimmers, Tim Olander, and Chris Velden for the
M-PERC/ARCHER and related data. Thanks to the U.S. NCEP, JTWC, NRL, the Remote Sensing Systems,
NOAA NESDIS, the European Union’s Copernicus and the AVISO team, and the Argo team for providing
essential datasets. I.L. acknowledges support from the Ministry of Science and Technology, Taiwan.
R.R. acknowledges support from the U.S. NOAA Base Funds. C.M.P. acknowledges support from the
U.S. Department of Energy, Office of Science, Office of Biological and Environmental Research, Climate
and Environmental Sciences Division, Regional and Global Model Analysis Program, under Award

AMERICAN METEOROLOGICAL SOCIETY BAMS UnauthéHigéHédTl %8\%/%06@(!(6&923/21 03:45 AM UTC



DE-AC02-05CH11231. We are also grateful to the three anonymous reviewers for their very insightful
and constructive comments.

Appendix A: 3DPWP simulation
TC’s size information is included in the 3DPWP via two parts: input wind profile and transit
time (D50/Uh). JTWC’s RMW, R64, R50, and R34 are used to characterize the wind profile.
Cooling is obtained from area-averaging of the 2.5 x RMW region.

For both P1 and P2, six experiments were conducted. Experiments 1 and 2 are the essen-
tial runs, as in the main text. Experiments 3—6 are the additional sensitivity tests, as in the
online supplement. These experiments are summarized below:

e Experiment 1—Hagibis’s observed run: 3DPWP is run according to all the observed attri-
butes of Hagibis, including TC attributes (e.g., wind, Uh, size) and pre-TC Argo temperature
and salinity profiles.

e Experiment 2—Haiyan’s observed run: As in experiment 1, but for Haiyan.

e Experiment 3—Size sensitivity run: Based on Hagibis’s observed run, but replacing only
Hagibis’s size with Haiyan’s size. This run thus represents the scenario that, if Hagibis’s
size was not so large as observed, but was of similar size as Haiyan, what would be the
corresponding cooling effect.

e Experiment 4—Uh sensitivity run: As in experiment 3, but for the Uh replacement (i.e.,
instead of the size replacement).

e Experiment 5—Size + Uh sensitivity run: As in experiment 3, but replacing both size and
Uh. This is to test the combined effect from size and Uh.

e Experiment 6—Salinity sensitivity run: As in experiment 3, but replacing Hagibis’s prestorm
salinity profile with Haiyan’s prestorm salinity profile.

Appendix B: OHC
OHC is the integrated upper-ocean heat content from sea surface down to the depth of 26°C
isotherm (D26) and is derived from satellite SST and SSHA data (Pun etal. 2007, 2013, 2014).

Appendix C: Air-sea flux calculation

The bulk formulas for SHF and LHF calculations are, SHF: Q, = C,W (T~T ) pana, LHF: Q,
=C,W(q~q)p,L,,whereC, and C,are the sensible and latent heat exchange coefficients under
high wind condition (Zhang et al. 2008). As in Zhang et al. (2008), C,, (C,) is 1.1 (1.2) x 10~°.
Other terms are as follows: Wis ocean surface wind speed (1-min average, from JTWC), T, and
T are during-TC SST and near-surface air temperature, g, and g, are surface and air specific
humidity, p , Co and L are air density, heat capacity of the air, and latent heat of vaporiza-

tion. The value of g_ is calculated from the during-TC SST.

Appendix D: VWS

Averaged vector wind over the ring area at each altitude (i.e., 850 and 200 hPa) is first calcu-
lated. The difference between the averaged wind vectors at the two altitudes is then obtained.
VWS is calculated from the scalar of the wind vector difference.

Appendix E: ERC, M-PERC, and ARCHER ring score profiles

Ring structure is defined by the ice scattering signatures from the microwave 89-GHz data.
This product, called M-PERC, is an experimental product that displays the ring score obtained
from the CIMSS ARCHER algorithm (Wimmers and Velden 2016). Ring scores are derived from
the 89-GHz imagery as part of the process of determining the TC center location in ARCHER.
The scores are nondimensional values computed at each pixel annulus to determine ring
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completeness. In addition to the ring’s circular score, additions are made to the score based
on the population and magnitude of Ths within the ring. ARCHER ring scores are an objective
measure of TC eyewall completeness and vigor and can thus be used to track the evolution
the TC inner-core organization as well as potential secondary eyewall candidate rings. For
M-PERC the ring scores out to 200 km are displayed as a Hovmoéller diagram as a function
of distance from the TC center. Values vary from 0 to 0.125. M-PERC uses these scores along
with the time-evolving changes in the TC intensity to produce probabilities of the onset of
an ERC (second column in Fig. 8). Two models are plotted to include the full model with all
predictors and the second model that uses only TC intensity values. The display allows the
analyst to objectively see the evolution of the TC inner and outer rings with intensification
and contraction of the ring features leading to increased probability of an ERC event.

For example, the ERC periods noted in Fig. 7 are estimated based on the onset time of sec-
ondary eyewall formation (SEF) using the passive microwave imagery, to the time of comple-
tion of the process when the secondary eyewall has contracted and the inner eyewall no
longer is indicated. This evolution is also seen in Fig. 8. Using the first ERC event (i.e., ERC 1)
of Hagibis’s as an example (Fig. 8, left), we explain below. Prior to the SEF/ERC onset, one can
first see the development of the primary eye (i.e., the inner eye) in early 6 October. At 1500 UTC
6 October, the primary eye (in dark brown, i.e., strong ring score) started to contract inwardly
from ~30 to <10 km, due to Hagibis’s tiny eye at around 1800 UTC 6 October. Meanwhile, the
secondary eye started (i.e., outer ring, in light green shade at a radius of ~125 km) to occur,
at ~2100 UTC 6 October. Subsequently, the outer ring contracts inward and the inner-ring
scores weaken and disappear around 1500 UTC 7 October in the ARCHER Hovmoller diagram
(Fig. 8, left). Nevertheless, it should be noted that if from human identification in the satel-
lite imagery sequence, ERC 1 completed at a later time, i.e., at ~1500 UTC 8 October, and not
~1500 UTC 7 October. This discrepancy is because ARCHER is unable to resolve the tiny inner
eye feature of Hagibis beyond 1500 UTC 7 October, because sometimes the eye can be as small
as one pixel in diameter in the microwave imagery. Human interpretation, however, can more
sharply identify the relict inner eye feature, as well as factor in the TC eye information from
other images (e.g., earlier/later microwave and satellite IR images when TC eye identification
is possible). In other words, even in certain microwave images (due to coarse resolution), TC
eye identification is not possible for both ARCHER and humans, because humans could make
intelligent guesses from relict TC eye feature as well as including prior/later information from
neighboring images, human beings still know the existence of the TC eye though they cannot
directly see it. As mentioned in the main text, both objective (i.e., ARCHER) and subjective
approaches have their own pros and cons and this example again highlights the importance
of conducting the hybrid approach, to avoid using only one method.
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