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BACKGROUND. Tropical cyclones (TCs) are the most 
deadly storms on Earth. Intense TCs (category 3–5 
on the Saffir-Simpson scale) are capable of producing 
catastrophic loss of lives and property damage to coastal 
residents around the world. Approximately 57% of cat-
egory 4 and 72% of category 5 TCs in the western North 
Pacific possess a double eyewall structure where a 
partial or complete convective ring forms surrounding 
the preexisting eyewall (Kuo et al. 2009). This convec-
tive ring is collocated with an axisymmetric tangential 
wind maximum and is usually defined as the secondary 
(or outer) eyewall (Willoughby et al. 1982). Similarly, 
Hawkins et al. (2006) found 80% of western North Pa-
cific intense typhoons (maximum wind > 120 kt) had 
concentric eyewalls. Tropical cyclones with concentric 
eyewalls often undergo a replacement cycle in which the 
primary eyewall is replaced by the secondary eyewall, 
coinciding with characteristic intensity changes.

Passive satellite microwave imagery during 1997–
2011 showed that approximately 50% of the 70 western 
North Pacific TCs possessing double eyewalls went 
through eyewall replacement cycles (Yang et al. 2013). 
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The eyewall replacement cycle begins when an outer 
wind maximum appears, which on average lasts ~36 h, 
according to previous airborne in situ wind measure-
ments in the Atlantic basin (Sitkowski et al. 2011). Dur-
ing the Rainband and Hurricane Intensity Experiment 
(RAINEX), airborne Doppler radars captured several 
snapshots of concentric eyewalls in Hurricane Rita 
(2005) with unprecedented ~500-m spatial resolution 
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Fig. 1. The axisymmetric reflectivity of Typhoon Usagi 
from 1900 UTC 21 Sep to 0900 UTC 22 Sep 2013. The 
inset indicates the best track of Usagi (solid line with 
typhoon symbols). Range ring indicates maximum 
Doppler coverage (230 km) for ShanTou (STRD) CIN-
RAD WSR-98D radar.
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(Houze et al. 2007), where the three-dimensional struc-
ture of the double eyewalls was clearly illustrated (e.g., 
Bell et al. 2012; Didlake and Houze 2011). The double 
eyewall structure of Typhoon Saomai (2006) was 
sampled every 6 min over an 8-h period by a coastal 
WSR-98D radar in China before landfall (Zhao et al. 
2008). Zhao et al. first demonstrated the contraction of 
the outer eyewall and intensification of Saomai using 
the axisymmetric radar reflectivity, tangential winds, 
vertical vorticity, and pressure deficit derived from 
the ground-based velocity track display (GBVTD; Lee 
et al. 1999) technique. These studies suggested that 
concentric eyewalls are not necessarily two separate 
“closed” convective rings in the two-dimensional hori-
zontal view and may be linked by “connecting bands” 
through a moat region while the rainbands spiral out 
and attach to the outer eyewall (e.g., Houze et al. 2007; 
Houze 2010). There are several recently proposed 
theories on secondary eyewall formation that include 
potential vorticity generation and accumulation at the 
rainband region (Judt and Chen 2010), vortex Rossby 
waves (Montgomery and Kallenbach 1997; Abarca and 
Corbosiero 2011; Menelaou et al. 2012), the formation 

of unbalanced supergradient wind (e.g., Huang et al. 
2012; Abarca and Montgomery 2014), balance response 
and/or axisymmetrization of outer rainbands (e.g., 
Fang and Zhang 2012; Rozoff et al. 2012; Sun et al. 2013; 
Kepert 2013), and two-dimensional vortex interactions 
(Kuo et al. 2008).

Although double concentric eyewalls have been 
observed quite often in intense TCs, the presence of an 
incomplete tertiary eyewall has only been revealed by 
85-GHz satellite radiance measurements from SSM/I 
and the in situ wind measurements from the US Air 
Force C-130 Reconnaissance aircraft in Hurricane Ju-
liette (2001) and Frances (2004) in the east Pacific basin 
(McNoldy 2004; Sitkowski et al. 2011). It is also possible 
that the tertiary eyewall occurs more often but is rarely 
sampled by either satellite or reconnaissance aircraft. 
The high temporal (every 6 min) and spatial (1 km) reso-
lution Doppler radar data in Typhoon Usagi (2013) pre-
sented a unique opportunity to document the formation, 
evolution, and three-dimensional structure of a triple 
eyewall during a 14-h period before it made landfall in 
southeastern China. The radar loop is available online 
(see http://dx.doi.org/10.1175/BAMS-D-15-00029.2).

Fig. 2. Radar reflectivity (a–c) and radial velocity (d–f) at 1.5° elevation from three analysis times (0200, 0400, 
and 0600 UTC 22 Sep 2013) observed by STRD. The dashed circles indicate the eyewall positions. The arrows 
represent the direction toward the STRD. The black solid lines indicate the coastal line.

http://radar.nju.edu.cn/up/Usagi.gif
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TRIPLE EYEWALL STRUCTURE AND EVOLU-
TION IN USAGI (2013). Usagi possessed double 
eyewalls when it entered the Shantou WSR-98D radar 
(STRD) reflectivity range (~300 km) at 1900 UTC 
21 September 2013 (Fig. 1). A third maximum of radar 
reflectivity formed at ~100-km radius from Usagi’s 
center at ~2100 UTC 21 September 2013. The formation 
of a tertiary eyewall from 0200 to 0600 UTC is illus-
trated using a 1.5° plan position indicator (PPI) (Fig. 2). 
Although the axisymmetric reflectivity in Fig. 1 in-
dicated that a tertiary eyewall signal formed about 
5 h before 0200 UTC, the tertiary eyewall in Fig. 2a 
was originally composed of two cyclonically rotating, 
outward-propagating spiral rainbands connected to 
the secondary eyewall (e.g., 0200 UTC). These two 
rainbands formed a nearly closed eyewall at 0600 
UTC. The two “moat” regions can be delineated, and 
the eyewalls were connected by rainbands. The corre-
sponding Doppler velocity (Figs. 2d–f) possessed three 
distinct velocity dipoles marked by dashed circles. All 
three eyewalls contracted with time (Fig. 1). From the 
reflectivity perspective, both the inner and secondary 
eyewalls did not dissipate after the formation of the 
tertiary eyewall, unlike a typical eyewall replacement 
cycle (ERC) event. As shown in Fig. 1, the tertiary 

eyewall and the secondary eyewall first contacted the 
coastline at around 0600 and 0800 UTC, respectively; 
their interaction with the land might have resulted 
in the interruption of the eyewall replacement cycles.

Shortly after 0000 UTC 22 September, Usagi’s center 
entered the Doppler range (230 km) where the axisym-
metric kinematic structure, vorticity, and pressure defi-
cit can be deduced from the GBVTD methodology (Lee 
et al. 1999, 2000). The domain of the GBVTD analyses 
extends from the center of Usagi to a 90-km radius and 
from 1 km to 12 km in the vertical with 1-km grid spac-
ing in both the radial and vertical direction, consistent 
with the radar sampling resolution. The axisymmetric 
vertical structure of the triple eyewalls at 0600 UTC, 
derived from the GBVTD methodology, portrayed 
the secondary circulation of Usagi (Fig. 3). Each of the 
three eyewalls was accompanied by a clearly defined 
maximum of reflectivity, tangential wind, and updraft 
that was separated by a moat region (defined as a zone 
of weak precipitation or low reflectivity) in between. 
It is noted that the moats were primarily associated 
with weak downdraft and the air in the moat fed into 
eyewalls on both sides. Although having a weaker axi-
symmetric tangential wind than that associated with 
the secondary eyewall, the inner eyewall still possessed 

the strongest updraft. Both the 
secondary and tertiary eye-
walls contracted with time, as 
clearly illustrated in the time-
evolution of axisymmetric 
reflectivity, tangential winds, 
and vertical vorticity fields 
(Fig. 1 and Fig. 4). The in-
ner eyewall possessed a stable 
monopole vorticity pattern 
while the secondary and ter-
tiary eyewalls each possessed 
a barotropically unstable ring 
vorticity pattern. Shortly after 
the development of the tertiary 
eyewall (e.g., 0000 UTC), the 
tangential winds of the in-
ner and secondary eyewalls 
weakened between 0000 and 
0200 UTC. The axisymmetric 
tangential wind of the inner 
eyewall remained steady after 
0200 UTC while the axisym-
metric tangential winds within 
both the secondary and ter-
tiary eyewalls increased as 

Fig. 3. Radius–height cross section of the azimuthal mean structure at 0600 UTC 
22 Sep 2013. Color represents reflectivity in dBZ; contours in (a) are mean tan-
gential wind (m s−1). Vectors in (b) indicate mean secondary circulation. The black 
triangle represents the position of the nearest coastline.
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the eyewalls continued to contract with time (Fig. 4a). 
A corresponding sequence is also reflected in the pres-
sure deficit (Fig. 4d), where the central pressure deficit 
first rose and then dropped steadily, consistent with the 
evolution of the axisymmetric tangential wind field. 
Note that the increasing wind speed in the secondary 
eyewall may also be partially due to a better sampling 
of low-level structure as Usagi moved closer to the radar 
from 0000 to 0600 UTC. It is also interesting to note 
that in this event the inner eyewall did not dissipate as 
in a classical ERC, but persisted even a few hours after 
the formation of the tertiary eyewall. The longevity of 
the inner eyewall will be the subject of a future study 
and might be related to the energy transported outward 
from Usagi’s eye as illustrated by the low-level outflow 
from the eye (Fig. 3b). It is also possible that the closed 
secondary and tertiary eyewalls were broken after they 
reached the coastline.

Although the inner eyewall remained quite steady 
during the analysis period, its peak axisymmetric 
tangential wind began to fade after 0600 UTC (Fig. 4a) 
as the secondary eyewall continued to contract. The 

inner moat contracted consistently along with the 
secondary eyewall, began to be filled by precipitation 
after 0500 UTC, and lost its identity after 0800 UTC 
when the inner moat reached the coastline (Fig. 1 and 
Fig. 4c), two hours after the dissipation of the axisym-
metric tangential wind maximum. The outer moat 
evolved in a similar manner. Each of the two moats 
was accompanied by a weak downdraft sandwiched 
by two updrafts (Fig. 3b), consistent with previous 
aircraft in situ and radar observations (e.g., Black and 
Willoughby 1992; Houze et al. 2007). Rozoff et al. 
(2006) argued that a rapid filamentation zone1 was 
detrimental to convective development as a competing 
mechanism for moat formation. The radial minima 
of Usagi’s filamentation time (Fig. 4e) were located 

Fig. 4. Radial profiles at 2-km height for five analysis 
times (0000, 0200, 0400, 0600, and 0800 UTC 22 Sep 
2013). Different line colors represent analysis times; (a) 
mean tangential wind (m s−1), (b) mean vertical vorticity 
(10−3 s−1), (c) mean reflectivity (dBZ), (d) perturbation 
pressure deficit (hPa) assuming zero at 90-km radius, 
and (e) filamentation time (min). Analysis domain ex-
tends to 90-km radius.

1 The filamentation time is estimated based on the Okubo–
Weiss eigenvalues describing the evolution of tracer gradient. 
A rapid filamentation zone is a region of strain-dominated 
flow where the filamentation time is smaller than the 30-min 
moist convective overturning time.
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radially outward from the axisymmetric tangential 
wind maxima where strain dominates vorticity. They 
were not collocated with the moats region (Figs. 4c,e). 
Therefore, the filamentation mechanism may not be 
the primary reason for the moat formation (e.g., Wang 
2008), which may be related to the ERC as the rapid 
filamentation zone was located near the inner part of 
the moat and thus might suppress the convective ac-
tivity there. It is also noted that the outer moat region 
might also be influenced by the land after 0600 UTC, 
which can affect the filamentation process. Some re-
cent idealized studies have shown that filamentation's 
potential detrimental impact on convection would be 
conditional on other factors, such as the amount of 
midlevel moisture, vertical wind shear impacts, and 
the presence or nonpresence of other convective forcing 
mechanisms (e.g., Kilroy and Smith 2013, Kilroy et al. 
2014). This topic is also worth studying in the future.

CONCLUDING REMARKS. This study presents 
the first-ever Doppler radar observations of a triple-
eyewall typhoon, the formation of a tertiary eyewall, 
and the subsequent ERC in Usagi. The tertiary eyewall 
began with two rainbands spiraling out from the sec-
ondary eyewall and then evolved into a nearly closed 
radar reflectivity ring. We highlight the axisymmetric 
structure and evolution of the primary and secondary 
circulations associated with each eyewall and moat. 
The inner eyewall began to dissipate after the forma-
tion of the tertiary eyewall and the rapid filamenta-
tion zone located outside of the eyewall axisymmetric 
tangential wind maximum might not be the primary 
mechanism for the moat formation. Several outstand-
ing questions are: 1) What is the role of the tertiary eye-
wall? 2) Why didn’t the inner eyewall dissipate after the 
formation of the secondary eyewall as reported in other 
ERC? 3) What is the relationship between the vortic-
ity filamentation and the axisymmetrization process? 
4) How can the environmental factors and landfall 
process influence the filamentation process? These 
detailed radar observations and the GBVTD-derived 
kinematic and dynamic properties are expected to 
provide a basis for future studies.
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