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ABSTRACT

The authors report on western North Pacific Typhoon Soulik (2013), which had two anomalously long-lived

concentric eyewall (CE) episodes, as identified from microwave satellite data, radar data, and total pre-

cipitable water data. The first period was 25 h long and occurred while Soulik was at category 4 intensity. The

second period was 34 h long and occurred when Soulik was at category 2 intensity. A large moat and outer

eyewall width were present in both CE periods, and there was a significant contraction of the inner eyewall

radius from the first period to the second period. The typhoon intensity decrease was partially due to en-

countering unfavorable environmental conditions of low ocean heat content and dry air, even though inner

eyewall contraction would generally support intensification. The T–Vmax diagram (where T is the brightness

temperature and Vmax is the best track–estimated intensity) is used to analyze the time sequence of the

intensity and convective activity. The convective activity (and thus the integrated kinetic energy) increased

during the CE periods despite the weakening of intensity.

1. Introduction

One scenario of tropical cyclone (TC) rapid intensity

change is associated with the concentric eyewall (CE)

formation and the subsequent eyewall replacement cy-

cle (ERC). The ERC is defined as the time period from

the formation of the secondary eyewall, to its contraction,

and finally to the replacement of the original decaying

inner eyewall. TheERCprocess that leads toweakening is

well known and discussed in Willoughby et al. (1982) and

Black and Willoughby (1992). They showed that Hurri-

canes Anita, David, and Andrew formed CE structures,

and documented the ERC occurrence and subsequent

weakening using aircraft observations.

The ERC time scale in numerical models such as

Terwey andMontgomery (2008), Qiu et al. (2010), Zhou

and Wang (2009), and Ortt and Chen (2008) are in the

range of 6–18 h. The radar observations of Typhoon

Lekima (Kuo et al. 2004) and the aircraft observation of

Hurricane Andrew (1992) (Willoughby and Black 1996)

both indicated that the ERC time is approximately 6 h.

Sitkowski et al. (2011) used aircraft data to analyzed 24

ERC events and comparedwithmicrowave satellite data.

They found that the average ERC event as identified by

aircraft data lasts 36 h, which is much longer than that of

the microwave satellite data: 17.5 h.

Using aircraft reconnaissance flight level data, Maclay

et al. (2008) showed that while the intensity weakens

during the ERC, the integrated kinetic energy and the

TC size increases. Their results suggested that secondary
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eyewall formation and the ERC are dominated by in-

ternal dynamical processes. Sitkowski et al. (2011) also

suggested the ERC process might lead to increases in

both storm size and integrated kinetic energy. Further-

more, the ERC time requirement, intensity change, and

radii change have large variances due to the intensity and

structural changes.

Yang et al. (2013) studied the structural and intensity

changes of CE typhoons in the western North Pacific

using microwave satellite images between 1997 and 2011.

Using an original objective method based on the micro-

wave imagery, they identified three different CE types:

CE with an eyewall replacement cycle (ERC; 53%), CE

with no replacement cycle (NRC; 24%), and CE that is

maintained for an extent period (CEM; 23%). The inner

(outer) eyewall dissipates in the ERC (NRC) type in less

than 20h after CE formation in microwave satellite data.

The CEM type maintains its CE structure for more than

20h (31-h mean).

We analyze the CE duration time1 of 70 CE cases

from Yang et al. (2013) data in Fig. 1. The average CE

duration time for all case is 16 h with 13-h standard

deviation. There are only seven cases (10%) in which

the CE structure is maintained longer than 30 h. These

cases have very large moats (67.5-km mean) and outer

eyewall widths (70-km mean), as seen from microwave

satellite data. Of the cases mentioned, there are multiple

CE formations in Typhoon Winnie (1997) and Typhoon

Chaba (2004). Typhoon Winnie (1997) is the largest ty-

phoon in thewesternNorth Pacificwith large eyewalls for

a long time (Zhang et al. 2005). The large size ofmoat and

outer eyewall width are important characters of the CEM

cases as well as the multiple CE formation TCs (Yang

et al. 2013). It is possible that the large moat size may

delay the ERC and affect TC intensity change (Kuo et al.

2009).

In this paper, we report on such a unique case: western

North Pacific Typhoon Soulik (2013), which had two

very long-lived CE structures. We use microwave sat-

ellite image, radar image, and total precipitable water

(TPW) images to investigate the CE structural and in-

tensity change of Typhoon Soulik.

2. Data and methods

Microwave satellite images are used to examine the

CE characteristics of Typhoon Soulik between 9 and

12 July 2013. In particular, we use the passive Special

Sensor Microwave Imager (SSM/I) 85-GHz, Special

Sensor Microwave Imager/Sounder (SSMIS) 91-GHz

horizontal polarized orbital imagery, passive Tropical

Rainfall MeasuringMission (TRMM)Microwave Imager

(TMI) data (Kummerow et al. 1998), and the Advanced

Microwave Scanning Radiometer 2 (AMSR-2) 89-GHz

imagery. These data were obtained from the Naval Re-

search Laboratory (NRL) Marine Meteorology Division

in Monterey, California (Hawkins et al. 2001, 2006). The

NRL microwave satellite images are reprocessed using

the antenna gain function associated with the sampled

radiometer data to create high-resolution (1–2km) prod-

ucts that can aid in defining inner-storm structural details

(Hawkins and Helveston 2004, 2008). We also use the

Central Weather Bureau (CWB) radar, the Japan Me-

teorological Agency (JMA) Miyako radar, and the total

precipitable water (TPW) image in the study.

The Morphed Integrated Microwave Imagery-Total

Precipitable Water (MIMIC-TPW) presents TPW over

the ocean based on an algorithm developed by Alishouse

et al. (1990), which derives these values from a linear

function of 19-, 22- and 37-GHz blackbody brightness

temperature TB available from SSM/I microwave sen-

sors. The final product is an hourly composite of many

swaths of TPW retrievals, advanced to the required

time using1000-, 850-, and 700-hPa wind from the Global

Forecast System (GFS) model (Wimmers and Velden

2011).

We use the objective method to identify CE char-

acteristics from microwave satellite image (Yang et al.

2013). We examined 28 microwave satellite images be-

tween 9 and 12 July by the objective method. Out of

these, 11 CE images were identified, including two CE

FIG. 1. The number of concentric eyewall (CE) cases as a func-

tion of duration time in the western North Pacific basin between

1997 and 2011. The data are from Yang et al. (2013).

1 TheCE duration time is the time period during which the CE

structure is maintained as identified by the objective method from

microwave satellite data. We do not use the ERC time (i.e., the

formation to the demise of CE structure in microwave data) to

avoid the problem of inadequate temporal resolution.
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formations. If we relax the criteria by making the outer

eyewall convection criterion 10K weaker (from 230 to

240K) than that of Yang et al. (2013) and using one-half

symmetry to identify the CE structure, 19 CE images

were identified (Table 1). These eight additional CE

images, which satisfy the relaxed criteria, are called

quasi-CE (QCE) images. Table 1 shows the five criteria

for CE, QCE, and No-CE images in our analysis period.

The inner eyewall radius r0, moat width d0, and outer

eyewall width w0 of CE are calculated by the objective

method (Yang et al. 2013).

3. Observation and analysis

Typhoon Soulik was category 1 on the Saffir–Simpson

hurricane scale on 9 July (Fig. 2). It rapidly strengthened

in the next 24 h and was at category 4 intensity on 10 July

when it moved westward in the southern periphery of

subtropical high pressure system. Then, it weakened and

became a category 1 typhoon before made landfall on

Taiwan (between 1800 UTC 12 July and 0000 UTC

13 July). Following the methods of Qiu (1999), the sea

surface height anomaly (SSHA) features observed from

satellite altimetry in Fig. 2a show Soulik encountered a

pre-existing cold eddy. Moreover, the TPW shown in

Fig. 2b indicated that midlevel dry air entrained into

Soulik from the northwest. These unfavorable envi-

ronmental conditions coincided with the weakening of

Soulik before landfall as reported by the Joint Typhoon

Warning Center.

During Typhoon Soulik’s lifetime, two CE structures

are identified. The first CE period (hereafter period I) is

between 0729UTC 9 July and 0832 UTC 10 July (Fig. 3a,

25h long), and the second period (hereafter period II) is

between 0630 UTC 11 July and 1649 UTC 12 July

(Fig. 3b, 34 h long). We use the relaxed criteria for CE

recognition in the period I. An apparent CE structure

also could be found between 0500 UTC 9 July and

1500 UTC 10 July (34 h) by the TPW image. The outer

eyewall of Soulik was less symmetric and weaker in

convection in period I, possibly due to an intrusion of

midlevel dry air from the north into the western part

of the storm (Fig. 3a). In period II, the CE structure

also could be found by JMA and CWB radar when it

approached Miyako and Taiwan, and the midlevel dry

air intrusion was not as pronounced (Fig. 3b). The large

TABLE 1. Five criteria (Yang et al. 2013) for CE, QCE, and No-CE cases: circles and crisscrosses represent the cases that satisfy the

criterion; and the circles with a slash indicate the cases that satisfy the relaxed criterion. The TBinner_min, TBmax, and TBouter_min represent

theminimaTB near inner core, local maximaTB between inner and outerTB, and theminimaTB near outer eyewall from inner core along

each radial profiles. The sinner_min (souter_min) represent the standard deviation of the minima TB near inner core (near outer eyewall)

calculated by each radial profile. The TB is the brightness temperature calculated by objective method from microwave satellite image

(Yang et al. 2013).

CE QCE No-CE

Criterion 1: Possible moat located s s s

Min 2 max 2 min in TB

(TBinner_min 2 TBmax 2 TBouter_min)

Criterion 2: Significant moat s s 3
TBmax S souter_min 1 TBouter_min

TBmax S sinner_min 1 TBinner_min

Criterion 3: Strong outer convection s ⃠ 3
TBouter_min % 230K (TBouter_min % 240K)

Criterion 4: Symmetric structure s ⃠ 3
S5/8 sectors (S4/8 sectors)

Criterion 5: Not a spiral outer band s s 3
The difference of two outer eyewalls %50 km

FIG. 2. (a) Typhoon Soulik’s track and the sea surface height

anomaly (SSHA) on 8 Jul 2013. The positive and negative SSHA

indicate warm and cold eddy over ocean. (b) Typhoon Soulik’s

track and total precipitable water on 9 Jul 2013. The colors of

markers indicate typhoon’s intensity. The dark blue, light blue,

green, and yellow represent the category 1, 2, 3, and 4 intensity of

TC, respectively. The triangle, circle, and concentric circle indicate

No-CE, quasi CE (QCE), and CE, respectively.
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moats and outer eyewall sizes of the last 18 h in period II

is also confirmed with the radar image. Furthermore, the

CE structure can be clearly seen in the TPW image be-

tween 0600UTC 11 July and 1600UTC 12 July. Typhoon

Soulik maintained the CE structure for 34 h according

to sequences of microwave satellite image and TPW in

Fig. 3b. This 34-h period of CE duration time is longer

than themean duration time (31h) of CEMcases inYang

et al. (2013). In summary, Soulik had two CE structures

during its lifetime andmaintained theCE structures for at

least 25 and 34h, respectively.

Yang et al. (2013) found the CEM cases are typically at

relatively high intensity, and have large moat and outer

eyewall widths that last for a long period of time. They

speculated that the outer eyewall of the CEM type can

end up taking a much longer time to contract because of

FIG. 3. The image sequences of total precipitable water (TPW), microwave satellite (MS), and radar in the (a) period I (from 0500 UTC

9 Jul to 1500 UTC 9 Jul) and (b) period II (from 0600UTC 11 Jul to 1600 UTC 12 Jul). The observed duration times were also shown. The

length scale is shown in each panel.
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its larger scale, or the large moat and outer eyewall width

reduce the barotropic instabilities of CEM storms, help-

ing maintain the CE structures for a long time. It is also

possible the large moat size reduces the interference be-

tween the convection/subsidence couplet of the inner and

outer eyewalls. We find that Typhoon Soulik had a large

moat width d0 and outer eyewall widthw0 in both periods

(Fig. 4). This is consistent with the characteristic of the

CEM typhoons. The most significant change is the inner

eyewall radius r0 in the two CE periods, as the inner

radius at period I is twice as large as at period II. The

decrease of inner radius, however, is accompanied by

the intensity weakening. Although eyewall contraction

is generally associated with intensification, the environ-

mental factors of dry air and low ocean heat content may

have been more significant in this case. In addition, the

standard deviations of r0, d0, andw0 in period I (10.5, 20.3,

and 23.4km, respectively) are larger than that of the pe-

riod II (5.8, 11.1, and 5.4km, respectively). This is due to

the fact that both QCE and CE structures occurred in

period I while period II only had distinct CE structure.

The size of theCE structure is very stable during period II

while Soulik was at category-2 intensity.

Typhoon Soulik had only a significant inner eyewall

radius reduction from period I to period II and the moat

and the outer eyewall width are of similar size. In con-

trast to Typhoon Soulik, TyphoonWinnie (1997) had two

CE periods with duration times of 20 and 46.5 h, respec-

tively. The 46.5 h is the longest CE duration record in

the western North Pacific. The r0, d0, and w0 of Typhoon

FIG. 4. Typhoon Soulik’s intensity and the time of CE periods determined by total pre-

cipitable water image, microwave satellite image, and radar image. (bottom) Circles with a dot,

circles, and circles with a crisscross indicateCE image, CE image determined by relaxed criteria

(QCE), and No-CE image, respectively. (middle) Small dots, large dots, and circles represent

r0, r0 1 d0, and r0 1 d0 1 w0, respectively (where r0 is the inner eyewall radius, d0 is the moat

width, and w0 is the outer eyewall width). The green color indicates period I (from 0500 UTC

9 Jul to 1500 UTC 9 Jul) and red color indicates period II (from 0600 UTC 11 Jul to 1600 UTC

12 Jul).The black line represents intensity. (top) The mean r0, d0, and w0 of Typhoon Soulik in

the period I (green) and II (red). (Unit: km.)
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Winnie (1997), as determined from the satellite data were

17 (55) km, 57 (137) km, and 40 (137) km in the first

(second) period. Typhoon Chaba (2004) is another case

with long-lived multiple CE formation. It also had two

CE periods, which are 24 and 35.5h, respectively. The

r0, d0, and w0 were 27.1 (50) km, 44.3 (70) km, and 24.2

(85) km in the first (second) period. Both typhoons have

significant expansion of all three size parameters from the

first to the second period. Sitkowski et al. (2011) indicated

that multiple ERC processes is a primary mechanism for

both the integrated kinetic energy and the TC size to

increase. It is possible that the expansion of storm size not

observed inTyphoon Soulik is due to the lack of complete

ERC. It appears that the dynamics have yet to be un-

derstood for this kind of phenomena of CE with multiple

long duration time.

The intensity and convective activity (CA) changes

can be demonstrated by the T–Vmax diagram (Yang

et al. 2013); a diagram in which the ordinate is convec-

tive activity in terms of the brightness temperature T in

contrast to the background averaged in the 400 km by

400 km area of satellite imagery centered at the eye, and

the abscissa is Vmax, which is the best track–estimated

intensity. The background is calculated as the highest

5% of brightness temperature in the 400 km by 400 km

area. The size of the area is chosen because the averaged

CE diameter size in the western North Pacific is approxi-

mately 300km (Yang et al. 2013). Moreover, the diameter

of the Typhoon Soulik is close to 400km (Fig. 4). Typhoon

Soulik’s T–Vmax diagram shows that CA increases twice

in its lifetime (Fig. 5). Both the CA and the storm intensity

of Soulik first increased during period I, and maintained

the CA and storm intensity for approximately 11h. While

the CA and the storm intensity slightly decreased in the

6-h time period after period I, the CA increased when the

storm intensity decreased before period II. Then the CA

increased and the intensity was maintained for approxi-

mately 18h during period II. In general, the CA is

maintained or increased during the two CE periods in

Typhoon Soulik while the storm intensity weakened.

Consistent with Yang et al. (2013), the CA increase in

Soulik is mainly due to the increase of the deep con-

vection. This may lead to an increase in the storm-

integrated kinetic energy.

4. Conclusions

We have documented the fundamental characteristics

of the long-lived multiple CE phenomena, using a case

study of Typhoon Soulik (2013). Typhoon Soulik had

two long-lived CE periods of 25 and 34 h, respectively, as

documented by microwave and TPW imagery. We have

shown a mechanism for storm structural change and

growth associated with these long-lived CEs, comple-

menting Sitkowski et al. (2011) who showed that storm

size growth can also happen via multiple ERCs. The dy-

namics of this long-lived CE phenomenon is important

for obtaining a complete understanding of intensity and

structural changes of TCs. Future work should be focused

on understanding the dynamics of long-lived CEs using

idealized and real numerical modeling experiments.
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