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NHK

Cost: 15 Billion USD
430,110,000,000 NT  (0.4兆,萬億為兆, 10^12

So, 4000億)

Supertyphoon Hagibis (Oct. 2019)

BBC



Death: 6300; Injured: 28689; 

Damage : US $ 2,051,710,653 (2 billion)

http://en.wikipedia.org/wiki/Typhoon_Haiyan

Cat. ‘6’, Haiyan: 170kts!

Lin et al. 2014; 
Lagmay et al. 2015



100 kt RI in 24h (Explosive RI,
333% of the RI Threshold!, Kaplan & DeMaria 2003)

.vs. Patricia’s 105 kt RI in 24h (Rogers et al. 2017) 60 kt RI in 24h for Haiyan 

LMI: 170kts

Holliday and Thompson 1979; Kaplan and DeMaria 2003; Lin et al. 2005; 2009; Rogers 2013; 
Rogers et al. 2017; Chang and Wu 2017 ; Kuo et al. 2019; Peng and Wu 2020; Hu and Wu 2020

Scientific Questions for P1 and P2



Category Winds
(knots)

V^2 (fcn. 
of ACE, k. 
energy)

V^3 (fcn. of PDI, 
destructiveness)

1 64-82 4,096 262,144
2 83-95 6,889 571,787
3 96-113 9,216 884,736
4 114-135 12,996 1,481,544

5 (Katrina)
>135 -

159 18,225 2,460,375

‘Cat 6’ 
>=160 
(170) 28,900 4,913,000

Lin et al. GRL 2014
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Hagibis: 60 to 160kt (TS to C6) in 24h!
.vs.

Haiyan 70-130kt (C1 to C4) in 24h 



Data and Method 
Co-Existing Multiple Factors:

Ocean: Surface and Subsurface, Pre-TC SST/OHC, and During-
TC Air-Sea Interaction (e.g., during-TC SST, Fluxes)

Atmosphere: Wind Shear, Rh

TC Structure and Attributes: Size, Uh, Convective feature, 
Eyewall Replacement Cycle

3DPWP: TC wind, size, Uh, ocean T/S profiles, Transit Time



1. Large-Scale Atmospheric Environment (e.g.,  DeMaria et al. 2005; Knaff et al. 2018): 
Vertical Wind Shear (VWS) & RH (Relative Humidity); 200-800km Ring/400-1000km Ring

2. Large-Scale, Pre-TC Ocean (SST, Ocean Heat Content (OHC)) and During-TC, Local-Scale 
Air-Sea Interaction (During-TC Cooling and Air-Sea Sensible and Latent Heat Fluxes (Lin et al. 
2005; 2009; 2013; Wu et al. 2007; Goni et al. 2009; Lin et al. 2009; 2013; Chih and Wu 2020).

3. Vortex-Scale TC Properties & Convective-Scale Features  (Chavas and Emanuel 2010; Rogers 
et al. 2013; 2017; Pun et al. 2018; Molinari et al. 2019; Peng and Wu 2020; Shen et al. 2021): Uh 
(Translation Speed), Size (RMW, R64, R50, R34], Eyewall Replacement Cycle (ERC, Kuo et al. 
2009; Wimmers and Velden 2016; Huang et al. 2018), Convective-Scale Features (Radial 
Location of Deep Convection)

Observational Data: 
NCEP-CFSR/6hrly, JTWC Best Track (including track, RMW, size, intensity, Uh), ASCAT wind, 

Satellite Altimetry SSHA (Sea Surface Height Anomaly), Microwave Sea Surface Temperature (SST), 
Argo in situ floats (pre, and during-TC), NRL microwave imagery, ARCHER ((Automated Rotational 

Center Hurricane Eye Retrieval)/MPERC (Microwave-based Probability of Eyewall Replacement 
Cycle)/MIMIC (Morphed Integrated Microwave Imagery at CIMSS), IR Tb imagery (NRL), 

NCEP  near surface Ta and q: converting from Sigma 995 level  (~40m) to 10m

Data and Method  



3-D PWP (Price-Weller-Pinkel, Price et al. 1986; 1994) Ocean Model  
Drag Coefficient: high wind Cd, Powell et al. 2013
TC’s Transit Time (Size in D50/Uh) at each 6hrly point.
Input: pre-TC Argo T/S profiles and JTWC max. intensity and wind profile shape
6 Experiments: 2 Observational + 4 Sensitivity Experiments (for Uh, Size, Uh+Size, Salinity)

Data & Method-2 : Numerical Simulations & Air-Sea Flux Estimation

Lin et al. MWR 2008; JGR 2012, GRL 2013; Huang, Lin et al. Nature Comm. 2015

From CBLAST Exp. Zhang, Black et al. GRL 2008

During-TC SST  (Pre-TC 
minus cooling)

Fcn. of during-TC SST



~ 30-30.5˚ C 
Pre-TC SST ~ 29-29.5˚ C 

Pre-TC SST

~ 140-160 kJ/cm2
Pre-TC OHC ~ 115-135 kJ/cm2

Pre-TC OHC

One of the best 
ever observed.

Even better than 
Haiyan

P1







Concentrated area of deep 
convection strategically located 

at center, with a tiny eye

Rapid eyewall contraction
30km to 10km in 6h 

Deep convection at TC center: 
linking with intensification due 
to peak diabatic heating being 
preferentially located within a 
region of high inertial stability
(Pendergrass and Willoughby 

2009; Vigh and Schubert 2009; 
Rogers et al. 2013)

&
More likely to cause inward 

transport of angular momentum 
and rapid eyewall contraction
(Smith and Montgomery 2016; 

Chen et al. 2018)

Haiyan: 
Ring of convection

Eyewall contraction 
(30km to 10km in 18h)

Small RWM, favorable 
radial location of deep 
convection and rapid 
eyewall contraction 





COE and ERC

LMI: 160kts LMI: 170kts

P2



Over WOE
Avg. 29.6˚ C 
Pre-TC SST

Avg. 29.1˚ C 
Pre-TC SST

Over WOE
Avg. 103 kJ/cm2

Pre-TC OHC

Avg. 109 kJ/cm2
Pre-TC OHC

P2



~ 1.3˚C cooling ~ 0.2˚C cooling,
as confirmed by 
during-TC Argo 





Huge Size 
Expansion

Smaller Size 
Expansion

Evident 
Uh slow down

Evident 
Uh speed up





Slower ERCs for larger-sized TCs



Larger Eye during P2
and broader wind field to 

R34 ~ 550km

Haiyan remain compact
R34 ~ 250km



17 Years (2003-2019) of 256 TCs (>= Cat.1)
Of JTWC Records

Proposed Negative Impact of 
Large-Sized TCs:

1. Stronger Ocean Cooling/Lower 
During-TC SST/Smaller delta T & 

delta q/Less Air-Sea Fluxes

2. Slower ERC- possibly prolonging 
ERC’s negative impact

3. Possible reduction in radial inflow 
through enhanced inertial stability 

in the outer core (Rogers et al. 
2013; Martinez et al. 2017)



Conclusions 
1. Ocean plays important roles for both P1 and P2, but the key is not just ocean but its 

interaction with TC attributes (e.g. Size and Uh). Indeed P1 Hagibis has more flux than 
Haiyan and vice versa for P2

   

2.   P1: Spectacular RI for Hagibis: During-TC SST ~ 30˚C (Pre-TC 30.5 ˚ - 0.5 ˚ Cooling)
36%/ more flux for Hagibis than Haiyan, strategic convection location and rapid 
eyewall contraction

4.  TC Size: Opens-Up an Interesting New Dimension for Research in TC-Ocean Interaction
(from Pun et al. 2018 to this work Lin et al. 2021), Hargibis also is the largest TC in 
the typhoon record!

3.   P2:  Size enlargement (nearly double) causes 3 negative factors
a. Stronger ocean cooling (less flux), Uh reduction also reduces flux, ~ equal contribution
b. Slower/Longer Eyewall Replacement Cycle (ERC)
c. Possible reduction in radial inflow via enhanced inertial stability at outer core

5.  Salinity and Vertical Wind Shear are not the differentiating factors for these 2 STYs
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TC Translation Speed & 
Intensity over the SCS



43% increase

35% increase
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Tropical cyclone intensity distribution



TC Track Density Anomaly Maps under El Nino (EP+CP), La Nina, EP, CP 
(courtesy of Dan Fu, after Bell et al. 2014)

1982, 1986, 1987, 1991, 1994, 1997, 2001, 2002, 2004 1988, 1998, 2010

1982, 1987, 1997 1986, 1991, 1994, 2001, 2002, 2004



Global Warming, TC, and ENSO

El Niño

La Niña

Climatology

Chand et al. 2017; Bell et al. 2020



El Niño &
Typhoons

(Wang and Chan, JC 2002)

Zheng, Lin, Wang.. 

et al. Sci. Rep. 2015

OHC drop 30%!



ENSO and 6 TC Basins

Ocean Heat Content Drops 30% During El Niño 
Over Western North Pacific (Zheng et al. Sci. Rep. 
2015)

Ocean Heat Content Increases During La Nina/La 
Nina Like Multi-Decadal Condition to Fuel 
Record-Breaking Super typhoons (Lin et al. GRL 
2014)
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1.   Weather: Rapid Intensification (RI), Ocean Eddy, TC Translation 
Speed (Uh), TC Size, Shallow Water RI

2. ITOP & Ocean Coupling Potential Intensity

3. Climate: Cat. 6, Haiyan/Hiatus, Patricia/2015 El Niño, ElNiño’s 
stealth heat supply, South China Sea Uh/intensity trend

4.  Global Warming
PDI reduction, Increase in subsurface stratification,
Sea level rise and surge, Global Warming-Future ENSO-TC

5. Offset, Competition (Atm./Ocean), & Gaia
Inter-annual, Multi-decadal,  Centennial/Global Warming Scales

Negative process exist to offset positive processs to prevent TCs from 
developing towards only 1 direction

Summary



July 2017

Importance of Category ‘6’

Haiyan (170kts, 2013)

Patricia (185kts, 2015)

Hornyak EOS 2017;



Peduzzi et al. Nat. C.C. 2012

Pun et al. GRL, Sep. 2013



4 factors affect the cooling effect

- Pre-existing ocean T-S profile

- TC wind speed

- TC translation speed

- TC size

* TC_transit time 

= D/Uh

Lin et al. MWR 2009; Lin  JGR 2012, Lin et al. 
GRL 2013



The bulk formulae for SHF and LHF calculations are, SHF: ( )S H s a a paQ C W T T Cρ= − , LHF:  

( )L E s a a vaQ C W q q Lρ= − ,  where HC  and EC  are the sensible and latent heat exchange  

coefficients under high wind condition (Zhang et al. 2008). As in Zhang et al. 2008, HC ( EC ) is  

1.1 (1.2) x 10-3. W  is ocean surface wind speed (in 1-min average, from JTWC), ST  and aT  are  

during-TC SST and near surface air temperature, sq  and aq  are surface and air specific humidity  

aρ  , paC  , and vaL  are air density, heat capacity of the air, and latent heat of vaporization.  sq   

is calculated from the during-TC SST.   





MIMIC Animations

Hagibis
http://tropic.ssec.wisc.edu/real-
time/mimtc/2019_20W/web/displayGifsBy12hr_07.html

Haiyan
http://tropic.ssec.wisc.edu/real-time/mimic-
tc/2013_31W/webManager/mainpage.html

http://tropic.ssec.wisc.edu/real-time/mimtc/2019_20W/web/displayGifsBy12hr_07.html
http://tropic.ssec.wisc.edu/real-time/mimic-tc/2013_31W/webManager/mainpage.html










From CBLAST Exp. Zhang, Black et al. GRL 2008





3-D PWP (Price-Weller-Pinkel, Price et al. 1986; 1994) Ocean Model  
Drag Coefficient: high wind Cd, Powell et al. 2013
TC’s Transit Time (Size in D50/Uh) at each 6hrly point.
Input: pre-TC Argo T/S profiles and JTWC max. intensity and wind profile shape
6 Experiments: 2 Observational + 4 Sensitivity Experiments (for Uh, Size, Uh+Size, Salinity)

Data & Method-2 : Numerical Simulations & Air-Sea Flux Estimation

Lin et al. MWR 2008; JGR 2012, GRL 2013; Huang, Lin et al. Nature Comm. 2015

From CBLAST Exp. Zhang, Black et al. GRL 2008

During-TC SST  (Pre-TC 
minus cooling)

Fcn. of during-TC SST



Price 1981

4 factors affect the cooling effect

- Pre-existing ocean T-S profile

- TC wind speed

- TC translation speed

- TC size

* TC_transit time = D/Uh

Lin et al. MWR 2009; Lin  JGR 2012





RI: 1250-920/920= 36%



Nature’s fascinating and co-existing cross-scale interaction pathways:
Delicate Control on TC Intensity

Conclusions 
1. P1: Ocean cooling small for both STYs (fast Uh & TS profile), but Hagibis had really 

high pre-TC SST, so during-TC SST still maintain ~ 30˚ C .vs. ~ 29˚  C for Haiyan. 36% 
more flux for Hagibis. Strategic location of deep convection nearly coincident at center, 
rapid eyewall contraction (30km to 10km in 6h) -favouring Hagibis’s Explosive RI

2. P2: Major size expansion for Hagibis (>200%, R34 ~520km), Haiyan remained compact. 
Proposed negative impacts on Hagibis’s intensity: larger cooling (also slower Uh),  slower 
ERCs, & possible reduction in radial inflow via enhanced inertial stability at outer core

3. Multi-scale interactions:
- Change in vortex-scale properties (e.g., size) to impact TC intensity via 

interacting with large-scale ocean environment & ocean sub-surface pathway
- Size change may impact TC intensity via ERC pathway 
- Configuration of convective-scale feature, e.g., ice scattering at TC center may 

associate with vortex-scale rapid eyewall contraction to favour RI

Conclusions –ALL 
MULTIPLES FACOTRS 

MU;TIP 
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