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ABSTRACT

Typhoon Francisco (2013) experienced unusually rapid weakening (RW) with its maximum surface wind

decreasing by 45 kt (1 kt ’ 0.51m s21) over 24 h as measured from the satellite-derived advanced Dvorak

technique (ADT) dataset, which is more than twice the weakening rate defined as RW by DeMaria. The

mechanisms leading to the extremeRWevent of Francisco are examined based on observational analysis and

simulations by coupling the Weather Research and Forecasting (WRF) Model, version 3.7, with the Stony

Brook Parallel OceanModel (sbPOM). TheRWof Francisco took place in a relatively favorable atmospheric

environment while passing over detrimental oceanic conditions, dominated by the presence of a cold-core

eddy. The passages of two prior typhoons apparently intensified the cold-core eddy, contributing to a major

role of eddy feedback on RW for Francisco. The structural changes in Francisco accompanying eddy

interaction are characterized by a substantially enlarged eye size, which evolved from ;20 to ;100 km in

diameter, as indicated from satellite images. Numerical simulations suggest that the eddy is prominent in

weakening the intensity of Francisco during the storm–eddy interaction, with its role less significant but still

comparable to that of the cold wake. Both the cooler water and stronger upward motion in the eddy lead to a

larger sea surface temperature decrease induced by Francisco, which results in a nearly 50%decrease of surface

enthalpy flux, suppressed convective bursts, and a 50% reduction in latent heat release. These results underscore

the potential importance of open-ocean, cold-core eddies in contributing to the RW of tropical cyclones.

1. Introduction

The progress in tropical cyclone (TC) intensity fore-

cast improvement has been slow in recent decades rel-

ative to the rate of improvement in TC track prediction,

since the intensity change is influenced by multiscale

processes, such as large-scale environmental factors,

vortex dynamics, and air–sea interactions (Emanuel et al.

2004; Black et al. 2007; Elsberry et al. 2007; Rogers

et al. 2013; DeMaria et al. 2014; Colomb et al. 2019). The

sudden intensity change of TCs, including both rapid

intensification (RI) and rapid weakening (RW), consists

of an important source of intensity forecasting errors

(Elsberry et al. 2007; Kaplan et al. 2010, 2015; Rozoff

and Kossin 2011; Wood and Ritchie 2015; Liang et al.

2016, 2018). Nonetheless, there is occasional single-

season success in predicting RI with specific models

such as the operational Hurricane Weather Research

and Forecast (HWRF) Model for TCs over the western

North Pacific in 2013 (Tallapragada and Kieu 2014).

Tallapragada and Kieu (2014) also show prediction

of open-ocean weakening events for the cases described

in this paper (i.e., Danas and Francisco). However,

delayed RW onset is predicted for Danas and the

magnitude of the weakening rate is underforecast for

Francisco, failing to meet the RW criteria of DeMaria

et al. (2012). These errors are likely a result of lack of

ocean coupling in these HWRF Model simulations,

highlighting the necessity to explore underlying air–sea

mechanisms leading to the sudden RW of TC intensity.

The existing literature focuses very much on the

processes or structural changes responsible for the RI of

TCs (e.g., Hendricks et al. 2010; Wang and Wang 2014;

Chen and Gopalakrishnan 2015; Miyamoto and Nolan

2018), wherein the behaviors of convective bursts (CBs) are

found to have a close link with the onset of RI (e.g., Chen

and Zhang 2013; Wang and Wang 2014; Tallapragada and

Kieu 2014;ChenandGopalakrishnan2015).Chang andWu

(2017) investigated the processes leading to the RI of a TC.

They pointed out that the increased latent heat release

accompanying active convections is essential for driving
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the secondary circulation and thereafter strengthening

the primary circulation by inward transport of angular

momentum. Although there have been increasing en-

deavors in understanding the RI, the work examining

the RW of TCs are still rather limited. Based on statis-

tical analysis, DeMaria et al. (2012) defined the RW as a

20-kt (roughly 10.3m s21) or greater decrease in 24h.

This criterion is used in this study as the definition of

RW. They observed that RW events occur more com-

monly over regions with stronger sea surface tempera-

ture (SST) gradients, which is also supported by the

subsequent statistical work of Wood and Ritchie (2015).

Liang et al. (2016, 2018) examined the influence of

monsoon gyre on the occurrence of RW. They found

that active outer-core convection favored by the mon-

soon gyre may prevent inward transport of moisture and

mass, and consequently lead to the RW of TCs. The

other large-scale environmental factors, such as vertical

wind shear and dry air intrusion, could also cause RW of

TCs (Zhang et al. 2007;Wood andRitchie 2015; Colomb

et al. 2019).

The air–sea interaction is one of the most crucial

mechanisms controlling TC intensity (Emanuel 1986;

Emanuel et al. 2004). Intense surface winds of TCs could

induce evident decrease of SST, which contributes nega-

tively to TC intensification (e.g., Cione and Uhlhorn 2003;

Wu et al. 2005; Halliwell et al. 2015; Wu et al. 2016).

Nonetheless, the SST response does not fully comply

with the characteristics of TCs because of the nonhomo-

geneous oceanic environment (Lloyd and Vecchi 2011;

Mei and Pasquero 2013). The mesoscale oceanic eddies,

classified as cold-core eddy and warm-core eddy, are

ubiquitous features in the ocean (Wang et al. 2003;

Chelton et al. 2007). Warm-core eddies tend to restrain

SST decrease caused by TCs while cold-core eddies are

prone to promote the SST response (Lin et al. 2005,

2008, 2011; Wu et al. 2007; Jaimes and Shay 2009, 2015;

Ma et al. 2013). As such, an increase in intensity, some-

times RI, may occur when TCs encounter warm-core

eddies (e.g., Hong et al. 2000; Shay et al. 2000; Lin et al.

2005; McTaggart-Cowan et al. 2007). Based on idealized

simulations, Ma et al. (2013) show that the intensification

of TC can be inhibited by a cold-core eddy; the eddy

impact tends to be more pronounced when the storm

center crosses over the eddy. Ma et al. (2017) found that

over 90% of TCs in the western North Pacific have en-

countered mesoscale oceanic eddies during their life-

times; cold-core eddies are statistically more significant

than warm-core eddies in modulating the SST response.

Although TCs interact with cold-core eddies at very high

frequencies, not all eddies have significant impact on

the intensity change of TCs (Fig. 4a in Ma et al. 2018),

implying that more attention should possibly be paid to

the cold-core eddies with great strength or in the sub-

tropical region where the background warm layer is

shallow (Lin et al. 2008; Ma et al. 2018).

Walker et al. (2014) recorded an unpredicted rapid

weakening of Hurricane Kenneth (2005) when it stalled

over a cold-core eddy, which caused a decrease of sea

surface cooling as large as 88–98C. Their observation

implies that other than large-scale atmospheric factors,

the interaction with cold-core eddies could be one rea-

son for theRWof TCs. However, it remains unclear how

the cold-core eddy contributes to the RWof TCs, as well

as the changes in structures and internal processes dur-

ing the RW stage. With such a focus, a case study of

typhoon–eddy interaction is conducted based on both

observations and numerical simulations. An atmosphere–

ocean coupling model system with the Weather Research

and Forecasting (WRF) Model, version 3.7 (Skamarock

et al. 2008), as the atmospheric component and the Stony

Brook Parallel Ocean Model (sbPOM; Jordi and Wang

2012) as the oceanic component is used tomodel typhoon–

ocean interactions. Section 2 introduces the typhoon

case together with its background and observational

evidence. The model configurations, verification of simu-

lations, and detailed analysis are presented in section 3,

followed by conclusions in section 4.

2. Observations

a. Synopsis of Typhoon Francisco (2013)

This study focuses on the weakening stage of Typhoon

Francisco (2013). Francisco was a super typhoon in 2013

over the western North Pacific (Fig. 1), forming on

16 October at low latitude of about 138N. After its gen-

eration, it first translated equatorward and then turned

poleward, with a relatively long time lingering over the

warm ocean at low latitudes. During this time, it continued

intensifying until about 1200 UTC 19 October 2013 based

on the satellite-derived advanced Dvorak technique

(ADT) dataset (Fig. 2), when it reached its peak intensity

of 134.8kt (1kt’ 0.51ms21). Then Francisco experienced

extreme weakening until about 1800 UTC 21 October

2013, possessing an intensity of 67.4kt. In 24-h time period

from 1800 UTC 20 October to 1800 UTC 21 October,

the maximum surface wind was dropped by 45 kt.

The satellite consensus (SATCON) dataset [courtesy

Cooperative Institute for Meteorological Satellite

Studies (CIMSS): http://tropic.ssec.wisc.edu/real-time/

satcon/archive/2013/201326W.html] gives a wind drop

of about 50kt during this time period (not shown). This

weakening rate is twice larger than that defined as RW

byDeMaria et al. (2012). Since a 40-kt decrease in 24h is

in the upper 0.5% of cases over the North Atlantic and
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3.5% of cases over the eastern North Pacific [indicated

from Fig. 1 in Wood and Ritchie (2015)], the RW of

Francisco could be close to the largest TC weakening

rate on record.

b. The interaction with cold-core eddy

The RW of Francisco occurred during its passage

over a cold-core eddy located at 19.3758N, 136.3758E on

19October (Fig. 1), which could be a potential contributor

to the extreme weakening event. Of particular interest is

that there are other two typhoons crossing over the re-

gion of this eddy 1–2 weeks before and both of them ex-

perienced similar RW: one is Typhoon Danas, which

underwent a wind decrease of 35 kt from 0000 UTC

7 October to 0000 UTC 8 October (not shown); the

other one is Typhoon Wipha, which had similar track as

Francisco south of 218N and underwent a wind decrease

of 50 kt from 0000 UTC 14 October to 0000 UTC

15 October as indicated from the ADT dataset (Fig. 2a).

During the RW of Wipha, the vertical wind shear in-

creased significantly, and may contribute considerably to

its rapid intensity change (Figs. 2c,e).However, the vertical

wind shear of Francisco was relatively weak and decreased

during itsRWstage (Figs. 2d,f), indicating that the vertical

wind shear cannot be the reason for the RW of

Francisco.

Danas kept intensifying when crossing over the eddy

region, when the eddy cannot be detected yet (Figs. 1

and 3a). After the passage of Danas, the cold-core eddy

was strengthened (Figs. 3b,c). It continued to increase in

size and magnitude after the passage of the subsequent

two typhoons, Wipha and Francisco (Figs. 3d–f). The

eddy strength, indicated by the value of minimum sea

surface height anomaly (SSHA), is about 0.08m after

the passage of Danas (Fig. 3b), and increases to 0.20m

after the passage of Wipha (Fig. 3d). Before the arrival

of Francisco, the eddy strength increased to 0.24m and

the eddy size was amplified possibly as a result of oce-

anic inertial adjustment. On 19 October, the eddy size is

about 48–58 in diameter (Fig. 3e). The typhoon-induced

generation or intensification of cold-core eddy in the

wake of typhoons is consistent with previous observa-

tions (e.g., Sun et al. 2014). The location of cold-core

eddy is basically invariant during the passage of three

typhoons indicated from the minimum SSHA location

(Fig. 3). This also demonstrates the resilience of the

cold-core eddy to maintain its general structure after

interactions with three typhoons.

Generally, the sea surface cooling induced by TCs

reaches a peak value shortly after storm passages, and

then is followed by a subsequent recovery period lasting

for several days (Hart et al. 2007; Price et al. 2008; Dare

and McBride 2011a; Mei and Pasquero 2013). However,

cold-core eddies are observed to extend the time scale of

SST recovery (Ma et al. 2018), as near-inertial waves

could be stalled in the upper ocean of cold-core eddies

(Jaimes and Shay 2010). From Fig. 4, the cold wake of

Danas is less significant than that of Wipha. After the

passage of Wipha, an apparent cold wake feature was

formed along its track (Fig. 4d). On 19 October, before

the arrival of Francisco, the cold wake of Wipha had

mostly recovered, except that there was a remaining

cold feature in the region of the eddy, with its minimum

SST below 268C (Fig. 4e). This cooled region has influ-

enced Francisco since its track matched that of Wipha

prior to and following eddy passage (Fig. 1).

Figure 5 shows the intensity evolution of Danas,

Wipha, and Francisco with respect to the closest ap-

proaching to the eddy center. Both the RWof Danas and

Wipha occurred after leaving the eddy center. However,

Francisco underwent RW directly when crossing over

the eddy region. Then Francisco left the eddy region by

moving farther poleward. In the meantime, its intensity

recovered moderately, consistent with the SST distribu-

tion (Fig. 4e). This suggests that the cold-core eddy has

played an important role in contributing to the RW of

Francisco. Although it is difficult to identify the eddy

FIG. 1. A spatial map of observed tracks of Typhoons Danas

(1323), Wipha (1325), and Francisco (1326) from the JTWC best

track data. The tracks are marked at an interval of 24 h by di-

amonds, squares, and asterisks and are labeled by gray, blue, and

black text for Danas,Wipha, and Francisco, respectively. The cold-

core eddy interactingwith three typhoons ismarkedwith an ellipse.

The eddy center is at 19.3758N, 136.3758E on 19 Oct based on

Fig. 3e.
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role in the RW of Danas and Wipha, both of these two

typhoons have increased the eddy strength and size by

several times, which may be a prerequisite for the RW

onset of Francisco.

The satellite imagery and simulation results are shown

in Fig. 6 to demonstrate the structural changes of

Francisco before and after eddy passage and RW.

Initially Francisco possessed a compact eyewall struc-

ture with a tiny eye on the order of 20km in diameter

(Figs. 6a,c,e). After the RW, the convection is observed to

be loosely organized and the eye is broadened consider-

ably on the order of 100km in diameter (Figs. 6b,d,f).

There is a tiny inner eyewall disappearing with the outer

eyewall expanding due to the interaction with the

FIG. 2. Evolution of observed maximum surface wind speed (kt) for (a) Wipha and (b) Francisco from the

satellite-derived advanced Dvorak technique (ADT) dataset (courtesy CIMSS: http://tropic.ssec.wisc.edu/

real-time/adt/archive2013/25W-list.txt and http://tropic.ssec.wisc.edu/real-time/adt/archive2013/26W-list.txt). The

dashed boxes in (a) and (b) indicate the rapid weakening phase of each typhoon. Evolution of 850–200-hPa

vertical wind shear for (c),(e) Wipha and (d),(f) Francisco. Dataset of (c) and (d) comes from the Statistical

Typhoon Intensity Prediction Scheme (STIPS; courtesy RAMMB: http://rammb.cira.colostate.edu/research/

tropical_cyclones/ships/developmental_data.asp; Knaff et al. 2018). The plots in (e) and (f) are obtained from

the AMSU area-averaged wind shear in RAMMB (http://rammb.cira.colostate.edu/products/tc_realtime/

storm.asp?storm_identifier5WP262013), with the red line denoting shear magnitude and shaded area denoting

the RW periods of Wipha and Francisco.
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cold-core eddy (Figs. 6a,b). From the satellite-derived

surface wind structure of the Cooperative Institute for

Research in the Atmosphere (CIRA) and CIMSS product

(Fig. 7), surface wind is weaker in the southwestern and

southeastern quadrants indicated by the radius of 50 and

60kt. An examination of other time series during the

weakening stage gives basically consistent conclusions

(not shown).

3. Numerical simulations

a. Model configuration and experimental design

In the atmosphere–ocean coupling model system,

variables of surface wind, SST, surface enthalpy flux,

and radiation flux are exchanged between the WRF

Model and the sbPOM model via the Model Coupling

Toolkit (MCT; Larson et al. 2005). The sbPOM model

shares the same grid mesh as the outmost domain of the

WRF Model for efficient computation.

In the WRF Model, the Yonsei State University

(YSU) scheme (Hong et al. 2006) is adopted to parame-

terize the boundary layer processes. In the surface-layer

scheme tied to the YSU scheme, the option ‘‘isftcflx51’’

(Wang et al. 2016) is chosen so that surface drag co-

efficient levels off at hurricane-force (33ms21) winds

(Donelan et al. 2004). The microphysical process is pa-

rameterized by the Lin scheme (Lin et al. 1983). The

Rapid Radiative Transfer Model (RRTM) longwave

(Mlawer et al. 1997) and Dudhia shortwave (Dudhia

1989) schemes are used as radiation schemes. The Kain–

Fritsch cumulus scheme (Kain 2004) is utilized in the

outmost domain. Two domains are configured with di-

mensions of 350 3 402 and 217 3 217, and horizontal

resolutions of 9 and 3km, respectively. The inner do-

main moves automatically with the vortex center. There

are 48 uneven levels distributed as default in the vertical

direction, with the vertical resolution increasing toward

the surface. In the sbPOMmodel, a total of 40 levels are

distributed as default, with 20 levels in the upper 100m.

The centered advection and second-order pressure

gradient schemes are selected.

The initialization procedure for the coupled model is

as follows. The reanalysis data from National Centers

for Environment Prediction (NCEP) Global Forecast

FIG. 3. Plan views of observed SSHA (m) at intervals of 0.04m with the outmost contour being 0.08m before and after the passage of

Typhoons Danas, Wipha, and Francisco on (a) 3, (b) 8, (c) 11, (d) 15, (e) 19, and (f) 22 Oct. The observed typhoon track is superimposed

with dashed line for (a),(b) Danas, (c),(d) Wipha, and (e),(f) Francisco. The cold-core eddy is marked with an ellipse, based on minimum

SSHA in (e).
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System (GFS) Final Analysis (FNL) at a resolution of

18 3 18 and at an interval of 6 h are used as initial fields

and lateral boundaries for the WRF Model. Since the

main interest of this study is the RW stage shortly after

Francisco reaching its peak intensity, the formal simu-

lation starts at 0000 UTC 19 October and ends at

0000 UTC 23 October for all experiments, with an in-

tegration of 96 h. Because the vortex intensity from the

GFS reanalysis data is too weak compared to that from

the best-track observation when Francisco approxi-

mately reached its peak intensity (not shown), the WRF

Model is first integrated individually for 24 h, starting

from 0000 UTC 18 October, as a spinup of the TC. At

0000 UTC 19 October, the intensity of the modeled

Francisco is 932 hPa in terms of the minimum sea level

pressure and is 57.75m s21 in terms of the maximum

10-m surface wind, which is close to the ADT value

(929 hPa and 65.3m s21). Then the output data are used

as the initial fields of formal simulations.

The initial and boundary conditions of the sbPOM

model come from the global reanalysis data of Hybrid Co-

ordinateOceanModel (HYCOM)ocean analysis/forecast

system and the Navy Coupled Ocean Data Assimilation

(NCODA) components (HYCOM1NCODA) provided

by the U.S. Navy Global Ocean Forecasting System

(GOFS; Metzger et al. 2010). The daily HYCOM1

NCODA data have a horizontal resolution of ;1/128,

making the initial field of ocean model eddy resolving.

At the initial time of simulation, the cold-core eddy with

lower sea level height than its surroundings is directly

below the track of Francisco.

Three numerical experiments are conducted to ex-

plore the effect of cold-core eddy and cold wake. A

coupled experiment with default HYCOM1NCODA

data as the initial oceanic field is considered as the

control run and denoted as COUP. To isolate the con-

tribution of cold-core eddy, a second coupled experi-

ment by removing the eddy from the initial oceanic field

is conducted and denoted as NOED. The procedure for

removing the eddy is as follows: based on the observed

SSHA on 19 October (Fig. 3e), the eddy is centered at

19.3758N, 136.3758Ewith a diameter of 48–58; then all the

oceanic data within a radius of 28 from the eddy center

are removed and replaced by surrounding environ-

mental profiles, which are calculated by averaging the

oceanic data within radii of 2.58–3.08 relative to the eddy

FIG. 4. As in Fig. 3, but for SST (8C; shaded). Red lines denote the contours of 268C.
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center. To avoid abrupt variable gradients, the area

within radii of 2.08–2.58 from the eddy center is smoothed

by linear interpolation.An experiment with an eddy radius

of 1.58 gives consistent results with quantitative differences

(not shown). Figure 8 displays the initial SST field for

COUP andNOED as well as their difference. The eddy-

removed field shows mostly larger SST than the default

initial field in the eddy regime, with a small area of

smaller SST to the south of the eddy (Fig. 8c). An un-

coupled experiment is also conducted and denoted as

UNCP, using the initial SST field of NOED as the

boundary conditions. All the modeled data are saved at

intervals of 1 h. The observational data used for simu-

lation verifications include 1) the satellite-derived ADT

dataset; 2) best track data from Joint Typhoon Warn-

ing Center (JTWC), China Meteorological Agency

(CMA), and Japan Meteorological Agency (JMA);

3) satellite imageries from the Naval Research Labora-

tory; 4) horizontal surface wind structure based on the

CIRA/CIMSS product; and 5) daily SST data at a resolu-

tion of ;9km from Remote Sensing Systems (RSS) mi-

crowave and infrared optimally interpolated SST product.

b. Verification of simulation and intensity change

The simulated outgoing longwave radiation (OLR) at

the top of the atmosphere in COUP is shown in Figs. 6g

and 6h as an indication of convection activities. Low

values of OLR imply deep cloud in which longwave

radiation cannot fully penetrate. Prior to the RW, both

the simulations and observations display symmetric and

compact eyewall structure with a tiny eye, as well as two

primary rainbands in the north and south of the typhoon.

The primary characteristics are similar to those from

observations. After the RW, the model reproduces

the remarkably broadened eye size and the disorga-

nized eyewall convection, though with some detailed

difference in the asymmetry of eyewall structure.

The simulated peak surface wind also displays weaker

values in the south of the typhoon as do the observations

(Fig. 7).

Figure 9 shows the time evolution of storm intensity in

terms of minimum sea level pressure and maximum

10-m surface wind, for comparisons between simulations

and observations. The ADT data are shown at 1-h in-

terval as the simulations, while the best track data of

JTWC, CMA, and JMA are at intervals of 6 h. Note that

there are large discrepancies among the data sources

from different regional typhoon forecast centers, since

different wind speed definitions and satellite estimation

methods have been used (Nakazawa and Hoshino 2009;

Harper et al. 2010; Knapp and Kruk 2010; Knapp et al.

2013). There are also other best track sources included

in the International Best Track Archive for Climate

Stewardship (IBTrACS; https://www.ncdc.noaa.gov/ibtracs/

index.php?name5ibtracs-data). The simulated storm in

COUP shows an initially slow intensification of

roughly 12 h and then undergoes a long weakening

period to the end of the simulation. Comparisons with

the ADT and best track data show that the RW of

Francisco has been basically reproduced by COUP,

though with quantitatively differences among different

data sources. The intensity evolution in NOED paral-

lels with that in COUP first and then shows larger in-

tensity with the storm center approaching the eddy

region in COUP (Table 1). The largest intensity dis-

crepancy between COUP and NOED occurs after the

storm passing over the eddy center (32 h), consistent

with the idealized simulation in Ma et al. (2013), being

about 9 hPa in minimum sea level pressure and

12m s21 in maximum surface wind at 42 h. After

moving out from the eddy region, the intensity dis-

crepancy of two runs decreases gradually. This is as

expected since the eddy is a transient feature affecting

the typhoon (Ma et al. 2013). Without the negative

ocean feedback, the storm in UNCP is more intense

than that in the other two runs, with a central pressure

difference of 19 hPa and wind difference of 15m s21

from NOED at 49 h.

One crucial difference among three experiments is the

time window of RW. Following the RW definition in

DeMaria et al. (2012), the onsets of RW are 13, 28, and

49 h for COUP, NOED, and UNCP, respectively. This

indicates that the presence of cold-core eddy renders the

RW event occurring in advance for 15 h, while the cold

wake tends to be more significant in leading to the RW

FIG. 5. The maximum surface wind speed (kt) of Typhoons

Danas, Wipha, and Francisco as a function of time with respect to

the interaction with the cold-core eddy. Time 0 denotes the closest

approach of each typhoon to the eddy center.
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of Francisco. Even so, the intensity decrease induced by

the eddy is comparable to that of the cold wake during

storm–eddy interaction, suggesting that the cold-core

eddy has played an important role in contributing to

the RW of Francisco. From Table 1, the averaged

translation speed during the storm–eddy interaction is

3.6–3.7m s21, which is relatively slow but still much

faster than that inWalker et al. (2014), in whichHurricane

Kenneth translated rather slowly with a speed below

1.5m s21. This suggests that the open-ocean, cold-core

eddies could contribute to RW of TCs even when they

translate at a medium speed.

Figure 10 displays storm tracks at 1-h interval from

simulations and ADT dataset, superimposed with sea

level height at the initial time of simulation (19October)

and the location of the eddy interacting with Francisco.

The JTWC, CMA, and JMA tracks are not shown be-

cause of their coarse temporal resolution and similar-

ity to the ADT track. All three experiments capture

the typhoon track reasonably well, suggesting that the

track is little affected by ocean coupling as confirmed

in previous studies (e.g., Wu et al. 2005). The cold-core

eddy of interest is characterized by relatively low sea

surface height, located right below simulated storm

tracks.

Environmental vertical wind shear puts a strong

control on the intensity of TCs; weak vertical wind

shear is commonly considered to be favorable for the

intensification of TCs (Kaplan and DeMaria 2003;

Kaplan et al. 2010; Wang et al. 2015). As consistent re-

flected from the observations (Figs. 2d,f), The vertical

wind shear is strong at the initial time of simulation

(Fig. 11a) when the storm intensity is intense, and then it

decreases steadily to less than 3ms21 at 72 h and in-

creases afterward in a slight extent. Therefore, weak-

ening vertical wind shear during the RW stage indicates

that it cannot be amain contributor to the simulatedRW

of Francisco. This is different from the case of Hurricane

Kenneth, in which the strong vertical wind shear also

contributed to the weakening of the TC (Pasch 2006;

Walker et al. 2014). The midlevel dry air is another at-

mospheric factor that may affect the intensity of TCs

(Ge et al. 2013). The evolution of simulated midlevel

humidity, calculated by averaging the relative humidity

between 850 and 650hPa following Ge et al. (2013),

shows that the environmental humidity varies within a

range of 55%–65% throughout the simulation, with lit-

tle difference among three experiments (Fig. 11b). The

relatively high environmental humidity indicates that

the intrusion of dry air cannot be the reason for the RW

of Francisco.

The ocean heat content (OHC), as a measurement

of subsurface ocean structure, is closely related to

the intensity change of TCs (e.g., Hong et al. 2000;

Mainelli et al. 2008; Kaplan et al. 2010). It is defined

by Leipper and Volgenau (1972) with the following

form:

OHC5

ðH26

0

rc
p
(T2 26) dh , (1)

FIG. 6. Satellite images of (a),(b) 91H brightness temperature

(K), (c),(d) infrared temperature (8C), (e),(f) visible images, and

(g),(h) simulated images of outgoing longwave radiation (OLR;

Wm22) from COUP experiment, with times given at the top of

each panel. (Images provided courtesy of the Naval Research

Laboratory in Monterey, CA.)
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where H26 is the depth (m) of the 268C isotherm, r is

the ocean density taken as 1 g cm23, cp is specific heat

at constant pressure taken as 4.2 kJ kg21K21, T is the

ocean temperature (8C), and 268C is commonly recognized

as the minimum SST beneficial for TC intensification.1

Figure 11c shows the evolution of prestormOHC along

the simulated storm track in COUP and NOED. The

initial OHC is larger than 30 kJ cm22, which is favor-

able for the intensification. However, the OHC in

COUP decreases sharply to less than 10 kJ cm22 with

storm approaching the cold-core eddy, thus being

detrimental for the storm intensification. From about

12 to 60 h, the OHC in NOED tends to be much larger

than that in COUP due to the removal of the eddy; as a

FIG. 7. Plan views of (a),(b) satellite-derived and (c),(d) simulated surface wind speed (kt) at (a),(c) 0000UTC 21

Oct and (b),(d) 1800 UTC 21 Oct 2013. Black contours in (c) and (d) denote radii of 50 and 64 kt. The observed

horizontal surface wind plots of (a) and (b) are obtained from http://rammb.cira.colostate.edu/products/

tc_realtime/storm.asp?storm_identifier5WP262013.

1Observations have shown that TCs can developwith SST below

268C (Dare and McBride 2011b; McTaggart-Cowan et al. 2015).
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result, its storm is more intensified during this time pe-

riod. The consistent evolutionary trend between the

storm intensity and the prestorm OHC for COUP and

NOED suggests that the presence of cold-core eddy is

crucial for the RW occurence of Francisco. From

Fig. 11d, the cold-core eddy strengthens sea surface

cooling evidently. At 42h the area-averaged SST in

COUP is about 18C smaller than that in NOED, which

is comparable to the SST decrease of 1.28C induced by

cold wake, measured by the difference between

COUP and UNCP. This suggests that the cold-core

eddy is responsible for approximately half of the

sea surface cooling during storm–eddy interaction.

The relatively favorable atmospheric environment

with decreasing shear and absence of dry-air intrusion

while dramatic ocean response indicate that the RW

of Francisco could be largely attributed to the dra-

matic changes in ocean conditions induced by the

typhoon.

Figure 12 displays the SST distribution on 21 October

by observation and simulations of COUP and NOED.

The simulated SST is averaged between 24 and

42 h at a 6-h interval. A comparison between the ob-

servation and the COUP simulation shows that

the atmosphere–ocean coupled model can reproduce

the storm-induced SST response reasonably well.

FIG. 8. Plan views of the initial SST field on 19Oct for (a) COUP and (b) NOED (alsoUNCP), and (c) SST difference betweenCOUP and

NOED. The simulated 1-h storm tracks of COUP and NOED are also included in (a) and (b), respectively.

FIG. 9. Time evolution of simulated and observed (a) minimum central pressure (hPa) and (b) maximum surface

wind (m s21) by experiments UNCP, COUP and NOED and by ADT, JTWC, CMA, and JMA datasets. The ADT

data are shown at a 1-h interval and the JTWC, CMA, and JMA best track data are at intervals of 6 h. The vertical

dashed lines indicate onsets of rapid weakening in each experiment: 13 h for COUP, 28 h for NOED, and 49 h

for UNCP.
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One distinguished feature is that there is a near-

circular cooling of sea surface around the eddy,

which is a typically amplified SST response induced by

the cold-core eddy (Ma et al. 2013). The minimum SST

value in the cooling area is well below the threshold of

268C, being even smaller than the surface-layer tem-

perature (will be shown in Fig. 14), which therefore

cannot sustain the intensity of Francisco. Since the

storm center has crossed over the eddy (Fig. 10), the

cold-core eddy is capable of affecting the eye and eyewall

structure directly. Both observations and simulations

evidence that the eye size is broadened evidently ac-

companying the weakening of the storm as it en-

counters the eddy (Fig. 6). The only difference of SST

distribution between COUP and NOED is that the

near-circular sea surface cooling is absent in NOED

by removing the eddy, with a cold wake feature left

along the storm track because of upwelling, entrain-

ment, and shear-induced vertical mixing in the upper

ocean (e.g., Price 1981; Yablonsky and Ginis 2009;

Shay 2010).

c. Air–sea interaction

The eddy-induced changes in upper-ocean response

are examined by the difference of ocean tempera-

ture and vertical motion between COUP and NOED

(Fig. 13). The ocean water below the storm tends to

become cooler as the storm approaches the regime of

cold-core eddy (Fig. 13a). The coolest core of ocean

water is located at a depth of 40m, at ;36h when the

storm center crosses over the eddy center. After ;48 h

the cooler water vanishes gradually as the storm leaves

the eddy region. The ocean vertical velocity is mostly

weaker in COUP than that in NOED, since the storm

intensity is overall weaker in COUP throughout the

simulation (Fig. 9). Nonetheless, the upward motion is

evidently stronger in the eddy regime of COUP, in-

dicating that the cold-core eddy has boosted the oce-

anic response to the typhoon. Therefore, it is the

combined effect of cooler water and stronger upward

motion that contributes to larger SST response in the

eddy regime.

The direct contribution of cold-core eddy to the inten-

sity change of TCs is accomplished by modulating the

sea-to-air enthalpy flux as atmospheric response to

SST decrease. The bulk formulas of surface latent

heat flux (LHX) and surface sensible heat flux (SHX)

are as follows:

LHX5 rL
y
C

q
U

a
(q

s
2 q

a
) , (2)

SHX5 rc
p
C

h
U

a
(u

s
2 u

a
) , (3)

where r is air density in the surface layer;Ly is the latent

heat of vaporization; cp is specific heat at constant

pressure; U is horizontal wind speed; Cq and Ch are

surface exchange coefficients for moisture and heat,

respectively; q is water vapor mixing ratio; and u is po-

tential temperature. The subscripts a and s signify the

surface layer (the lowest model level) and the bottom

surface, respectively. The SST response is primarily re-

sponsible for the moisture and thermal disequilibrium at

the air–sea interface. Therefore, the Hovmöller dia-

grams of LHX and SHX, air–sea moisture and thermal

difference, and qs and us are diagnosed in Fig. 14 for the

COUP experiment. Note that SHX is less effective

than LHX in fueling the storm intensification, while it

could be instrumental for maintaining rainband activities

(Ma et al. 2015; Ma 2018).

The peak LHX inCOUP is about 1000Wm22 roughly

in the first 12 h, which contributes to a short-time

TABLE 1. Time period for the typhoon–eddy interaction. R33 in-

dicates the radius of 33m s21 (i.e., hurricane-force) winds.

Interaction Begin (h) End (h)

Translation

speed (m s21)

Storm center interacts

with eddy

17 48 3.6

R33 interacts with eddy 11 57 3.7

FIG. 10. A spatial map of simulated tracks byUNCP, COUP, and

NOED, and observed ADT track for the whole life of Francisco.

The sea level height (m) at the initial time of simulation (19 Oct)

based on HYCOM1NCODA data is also superimposed, with the

location of the cold-core eddy (CCE) of interest being marked by

blue dot.
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intensification of Francisco (Fig. 9). As the simulated

storm begins to interact with the cold-core eddy, both

LHX and SHX decrease rapidly with time. After the

time when the storm center passes over the eddy center

(32 h), the LHX is as dramatically small as 200Wm22.

An examination of the sea–air moisture difference

(Fig. 14b) suggests that it is the diminishing moisture

disequilibrium that results in a substantial decrease of

LHX supply. The magnitude of moisture disequilib-

rium is largely determined by the ground saturated

mixing ratio qs, rather than by specific humidity in

the surface layer (Jaimes et al. 2015). Since the ground

saturated mixing ratio is positively related to SST,

the remarkable decrease in qs (Fig. 14c) is associ-

ated with the cooling effect of the cold-core eddy.

The pronounced sea surface cooling not only cuts down

the supply of LHX, but also reduces the sea–air ther-

mal disequilibrium. A notable feature is that the sur-

face layer is even warmer than the sea surface due to

the presence of cold-core eddy, as indicated by the area

of negative values in Fig. 14e. This consequently leads

to negative values of SHX (Fig. 14d), suggesting that the

surface layer transfers heat downward to the ocean in the

eddy regime. FollowingFrancisco’s passage over the cold-

core eddy, there is little supply of SHX. The absence or

even downward transfer of SHX may stabilize the

boundary layer, which will be illustrated in Part II of

this study.

Figure 15 shows the time evolution of all variables

in Fig. 14 to compare discrepancies among three

FIG. 11. Time evolution of (a) environmental 850–200-hPa vertical wind shear (m s21), (b) 850–600-hPa-averaged

midlevel humidity (%), (c) area-averaged initial-field ocean heat content (kJ cm22), and (d) area-averaged SST

(8C). The 850–200-hPa vertical wind shear andmidlevel humidity is calculated within radii of 300–800 km relative to

the storm center. The oceanic heat content and inner-core SST is calculated along simulated storm tracks within a

radius of 200 km from the storm center. Note that in (d) the SST inUNCP is fixed, but it varies in COUP andNOED

due to oceanic response.
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experiments. All the variables show very similar be-

haviors as the inner-core SST evolution (Fig. 11d), in-

dicating that the SST response largely dominates in the

air–sea moisture and thermal disequilibrium as well as

the transfer of surface enthalpy flux (Black et al. 2007).

The effect of cold wake is shown to be long lasting since it

is always below the storm, while the effect of cold-core

eddy is transient, being prominent when the storm passes

over it. During the storm–eddy interaction, the role of

cold-core eddy in changing surface enthalpy flux is

comparable to that of cold wake. Similar to the hy-

pothesis that bursts in enthalpy fluxes caused by warm

oceanic structures may lead to RI of TCs (Jaimes et al.

2015), the abrupt drop of enthalpy flux supply induced

by the cold-core eddy could be one mechanism for the

RW of TCs.

d. Atmospheric processes

From the energetic perspective, the inward trans-

port of equivalent potential temperature ue is crucial

FIG. 12. Plan views of (a) observed SST on 21Oct fromRSSmicrowave and infrared optimally interpolated SST (8C) daily product, and

daily averaged SST (8C) on 21 Oct from the outermost domain of (b) COUP and (c) NOED. Blue dots in (a) and (b) denote the observed

location of cold-core eddy interacting with Francisco.

FIG. 13. Time series of area-averaged difference between COUP and NOED within a radius of 200 km from the

storm center in the upper 100m for (a) ocean temperature (8C) and (b) vertical velocity (1025m s21).
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for fueling the convection activities of TCs. High

values of ue in the low-level eye might be favorable for

the intensification of TCs by eye–eyewall mixing

processes (Persing and Montgomery 2003; Cram et al.

2007). The earlier theory of Malkus and Riehl (1960)

and Emanuel (1986) also indicates that the drop in

central pressure is positively related to the difference

in ue between the storm center and the outer periph-

ery. The dominant source for radial increase in ue
comes from the sea-to-air supply of surface enthalpy

flux. Figure 16 shows an example of low-level ue dis-

tribution at 24 h in COUP, as well as its difference

from NOED at 24, 30, 36, 42, and 48 h. The eye is

characterized by peak value as documented in pre-

vious studies (Houze 2010). The values of ue in COUP

becomes smaller than that in NOED progressively

because of the decreasing supply of surface enthalpy

flux, suggesting that the low-level air tends to be less

energetic due to the impact of cold-core eddy. Of in-

terest is that the ue in the eye region is distinctly

smaller in COUP than that in NOED. Their difference

approaches to 9K, and the low-value region expands

when the cold-core eddy interacts with the storm

consistently. The significant ue difference between

COUP and NOED in the eye region due to the pres-

ence of cold-core eddy reveals a large decrease in ue
gradient between the storm center and the outer pe-

riphery, corresponding well with the rapid intensity

weakening in COUP as well as its weaker intensity

relative to NOED.

Figure 17 shows the simulated maximum radar re-

flectivity at an interval of 24 h for UNCP, COUP, and

NOED to examine the impact of eddy and cold wake

on convection activities. At the early time (24h), the

FIG. 14. Hovmöller diagram of azimuthally averaged (a) surface latent heat flux (Wm22), (b) qs2 qa (10
23 kg kg21), (c) qs (10

23 kg kg21),

(d) surface sensible heat flux (Wm22), (e) us 2 ua (K), and (f) us (K) for COUP.
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eyewall is compact and spiral rainbands are active in

all runs. Nonetheless, all three storms exhibit broad-

ened eye size and inhibited eyewall convection ac-

companying the weakening (Fig. 9), but at different

time periods. In COUP, the eyewall disorganization

and eye broadening become apparent at 48 h, and the

convection further collapses rapidly with time evolv-

ing. The evolution from a tiny eye surrounded by

compact convections to a large disorganized eye is

consistent with the observation (Fig. 6). In NOED, the

structural changes occur much later and to a lesser

extent compared with those in COUP. This indicates

FIG. 15. Time evolution of area-averaged (a) surface latent heat flux (Wm22), (b) surface sensible heat flux

(Wm22), (c) qs 2 qa (10
23 kg kg21), (d) qs (10

23 kg kg21), (e) us 2 ua (K), and (f) us (K) within a radius of 200 km

from the storm center for UNCP, COUP, and NOED.
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that the cold-core eddy inhibits convective activities

and renders the occurrence of RW event to be earlier.

A comparison of UNCP and NOED shows that the

cold wake is also remarkable in leading to the collapse

of convection activities, and thereby the weakening of

the storm.

Previous studies have found that high-ue air in the low-

level inner core is instrumental for fueling the devel-

opment of CBs (Wang and Wang 2014), which, on the

other hand, play a crucial role in the intensification of

TCs, especially the RI (e.g., Guimond et al. 2010; Chen

and Zhang 2013; Chang and Wu 2017). Figure 18 shows

the temporal evolution and radial distribution of the

numbers of CBs, defined as the grid points where the

maximum vertical motion between 4 and 15km is

5m s21 or larger. The temporal evolution of CBs for

three experiments is consistent with their intensity re-

lationship. The CB numbers in NOED are smaller than

those in UNCP throughout the simulation due to the

presence of cold wake. The eddy effect on the CB ac-

tivities is also discernible roughly between 24 and 48 h,

which can be reflected from their radial distribution

(Fig. 18b).Within the time period when high-ue air in the

eye and the eyewall is significantly reduced by inter-

acting with the cold-core eddy (Fig. 16), the CB numbers

in COUP are reduced by roughly 50% relative to those

in NOED (Fig. 18b). Besides, the CBs in COUP are

located at much larger radii than those in NOED. The

changes in CB characteristics caused by the cold-core

eddy may reduce the latent heat release and be dis-

placed farther from the storm center, which can be re-

flected from the height–radius plots of microphysical

diabatic heating (Fig. 19). Compared with that in

COUP, the diabatic heating in NOED is less tilted and

closer to the storm center, and the peak magnitude is

nearly twice larger. There is a thin cooling layer near the

surface due to rain evaporation, which has an effect of

thermally stabling the boundary layer.

FIG. 16. Plan views of depth-averaged (a) equivalent potential temperature (K) in the lowest 1 km of COUP, and its difference from

NOED at (b) 24, (c) 30, (d) 36, (e) 42, and (f) 48 h.
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From the balanced dynamics viewpoint, the intensi-

fication of a vortex can be interpreted from the forcing

of heat and momentum sources, which triggers second-

ary circulation that drives inward advection of absolute

angular momentum and results in acceleration of primary

circulation (Shapiro andWilloughby 1982; Hendricks et al.

2004; Bui et al. 2009; Heng et al. 2017). The specific vortex

characteristics in terms of intensity and radius of maxi-

mumwind, as well as themagnitude, radial location, and

tilt rate of latent heating could affect the efficiency of

latent heating in spinning up the TC (Pendergrass and

Willoughby 2009). The vortex response to heat forcing is

largely a balanced response, which does not break down

the gradient wind balance. To investigate the dynamical

effects of changes in diabatic heating caused by the

cold-core eddy, the Sawyer–Eliassen equation in height

coordinates as Ma (2018) is employed for a further

diagnosis. A convergent solution can be obtained when

the elliptic criterion is satisfied. The calculation is con-

ducted in a domainwith 250-m vertical spacing and 1-km

horizontal spacing. Since there are some grid points that

the elliptic criterion is not met, primarily in the outflow

layer of the upper troposphere, a local adjustment sim-

ilar as Heng et al. (2017) is applied.

A comparison of the three-dimensional winds at 42 h

for three experiments (Figs. 20a–c) shows that the radial

wind, vertical motion, and tangential wind are the

strongest in UNCP, followed by NOED, while COUP

shows the weakest three-dimensional winds. The eye-

wall updraft in COUP tends to cover a shallower extent

and be located at larger radii relative to that in the other

two runs, consistent with its suppressed latent heat re-

lease (Fig. 19). Using the diabatic heating at 42 h as the

forcing term (Fig. 19), the Sawyer–Eliassen equation is

solved separately for UNCP, COUP, and NOED. The

equation-diagnosed radial and vertical winds are shown

in Figs. 20d–f. Overall the balanced solution repro-

duces basically the vertical motion and radial winds

from lower troposphere to upper troposphere for all

runs. In the boundary layer the radial flow is clearly

FIG. 17. Plan views of simulated maximum radar reflectivity (dBZ) for (top) UNCP, (middle) COUP, and (bottom) NOED at (a),(e),(i)

24, (b),(f),(j) 48, (c),(g),(k) 72, and (d),(h),(l) 96 h.
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underestimated and the low-level outflow jet is absent

in the balanced calculation. These two features are

primarily caused by the unbalanced contribution of

surface friction (Bui et al. 2009). The radial outflow in

the upper troposphere is also underestimated, possibly

because artificial adjust is made in that region where

the elliptic criterion is violated. Consistent with the

simulations, the radial inflow, vertical motion, and ra-

dial outflow are the weakest in COUP, suggesting that

the secondary circulation associated with latent heat

release has been inhibited by the cold-core eddy. The

weakened secondary circulation by the cold-core eddy

leads to smaller tangential wind tendency than the

other runs (not shown), and therefore the weakest

storm intensity.

4. Conclusions

The mechanisms leading to the rapid weakening

of Typhoon Francisco (2013) are investigated in this

study based on observational analysis and air–sea

coupling simulations. The maximum surface wind of

Francisco decreased by 45 kt over 24 h measured from

the ADT dataset, being twice larger than that defined

as rapid weakening by DeMaria et al. (2012) and close

to the largest weakening rate on record. The rapid

weakening took place as Francisco crossed over a

cold-core eddy at a speed of 3–4m s21, during which

time the atmospheric environment is relatively favorable

with weak vertical wind shear and absence of dry-air

intrusion.

Francisco was preceded by two typhoons 1–2 weeks

before, Danas and Wipha, which have passed over

the same eddy. The track of Wipha matched that of

Francisco prior to and following eddy passage. Although

both typhoons of Danas and Wipha experienced rapid

weakening at similar rate to Francisco, their weakening

occurred at higher latitude after departure from the

eddy. Nonetheless, their passages over the cold-core

eddy have amplified the strength of the eddy, with the

minimum SSHA increasing from less than 0.08 to

0.24m. The cold wake generated by Wipha mostly re-

covered before the arrival of Francisco 6 days later

along a similar path, except in the eddy region where

the SST remained well below 268C. Francisco experi-

enced rapid weakening when crossing over the cold-

core eddy and then slightly recovered its intensity after

leaving the eddy regime. These observations indicate

that the cold-core eddy has played a crucial role in the

rapid weakening of Francisco. Although the eddy ef-

fect on Danas and Wipha is not remarkable, these two

typhoons have increased the strength and size of the

cold-core eddy by several times, which may be a pre-

requisite for the salient role of cold-core eddy in con-

tributing to the weakening of Francisco.

There are also substantial changes in the structures

of Francisco accompanying the rapid weakening.

A remarkable feature is the evolution from a tiny eye

on the order of 20 km in diameter to a large disor-

ganized eye on the order of 100 km in diameter. The

inner-core surface wind displays overall asymmetric

structures with smaller values in the south of the

typhoon.

Two atmosphere–ocean coupled experiments with the

eddy of interest being removed in one experiment are

carried out to isolate the contribution of cold-core

FIG. 18. (a) Time evolution of numbers of convective bursts within a radius of 200 km from the storm center.

(b) Radial distribution of numbers of convective bursts in each annulus of 10 km averaged between 24 and 48 h.
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eddy. A third uncoupled experiment with fixed SST is

also conducted to examine the role of cold wake. Both

the cold-core eddy and the cold wake are found to be

important in the rapid weakening of Francisco.

Overall the default coupling experiment reproduces

the rapid weakening of Francisco, while the other two

runs show stronger storms to different extents. During

the storm–eddy interaction, the effect of cold-core

eddy on decreasing the intensity is less significant but

still comparable to that of cold wake. Besides, the

onset of rapid weakening occurs 15 h later by re-

moving the eddy. This indicates that the cold-core

eddy has played a crucial role in contributing to the

rapid weakening of Francisco.

The presence of cold-core eddy with dramatically low

prestorm OHC created an unfavorable oceanic condi-

tion for the development of Francisco. As the storm

encounters the cold-core eddy, cooler subsurface water

and stronger upward motion in the eddy regime lead to

enhanced cooling in sea surface, which is even cooler

than the surface layer. This largely reduces the thermal

and moisture disequilibrium at the air–sea surface. As a

consequence, the surface latent heat flux is cut down

nearly by half due to the eddy contribution. The surface

sensible heat flux even turns to be negative above the

cold-core eddy. The abrupt drop in surface enthalpy

supply results in low values of ue in the low-level eye

and eyewall region, which have suppressed the con-

vection activities. The CB numbers are also cut down

roughly by half and located at larger radii from the

storm center. Consequently, the latent heat release in

the eyewall is diminished and located farther from the

storm center due to the presence of cold-core eddy.

A diagnosis from the Sawyer–Eliassen equation dem-

onstrates that the diminished latent heat release by

the cold-core eddy forces much weaker secondary

circulation.

The template for the effect of a cold-core eddy on

Francisco’s rapid weakening can be summarized as

follows: A super typhoon with intense surface winds

crosses over a cold-core eddy, which has been amplified

by two prior typhoons, causing significant decrease of

SST together with the cold wake. The sea surface is

cooler than the surface layer, leading to an abrupt drop

of surface enthalpy supply. The latent heat release as-

sociated with convection activities (including CBs) is

largely suppressed, and therefore, the secondary circu-

lation becomes undermined. As a consequence, the in-

ward transport of absolute angular momentum is not

enough to sustain the storm intensity and thereby the

rapid weakening occurs.

There may be several aspects making the cold-core

eddy highly significant: 1) two previous typhoons boost

the strength of the cold-core eddy and the SST de-

crease in the eddy region does not fully recover before

the arrival of Francisco; 2) the cold-core eddy is lo-

cated in the subtropical region where the background

warm layer is relatively shallow; 3) the surface wind of

the typhoon is intense to induce a strong ocean re-

sponse; and 4) the eddy center is directly below the

track of Francisco rather than located at the periphery

of the storm (Ma et al. 2017). The approximately same

spatial scale for eddy and the TC implies that there is

possibly a resonant interaction between the eddy

and Francisco. Future studies may extend to statisti-

cal analysis to examine whether above conclusions

drawn from a case investigation are statistically im-

portant. The enhanced sea surface cooling by cold-

core eddy also causes symmetric and asymmetric

changes in thermodynamic and dynamical structures

FIG. 19. Height–radius cross sections of azimuthally averaged microphysical diabatic heating rate (1023K s21) at 42 h for (a) UNCP,

(b) COUP, and (c) NOED.
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of Francisco, which will be presented in a follow-up

work (Part II).
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