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ABSTRACT: Typhoon Lan (2017) was one of the largest tropical cyclones (TC) in the western North Pacific Ocean

(WNP), and it was developed in a low-frequency (10–90-day filtered) large-scale cyclonic vortex environment. The physical

mechanism responsible for the TC’s unusual size was investigated through idealized numerical experiments with the

Weather Research and Forecasting Model. Sensitivity experiments showed that the low-frequency cyclonic circulation

played an important role inmodulating theTC size through the following three processes. First, it weakened the background

vertical wind shear and provided a favorable condition for a more rapid growth of Lan. Second, it strengthened a vorticity

aggregation process through enhanced background vorticity. As a result, a stronger and more organized TC core was

quickly set up, which strengthened the TC intensity and expanded its size. Third, it enhanced the total surface wind speed

and surface latent heat flux, strengthening convective instability in the outer region through increased moisture. The de-

velopment of the outer rainband expanded the radial profile of diabatic heating, leading to greater low-level inflow and

tangential wind acceleration in the outer region and thus a large TC size.

KEYWORDS: Tropical cyclones; Numerical analysis/modeling

1. Introduction

The size of a tropical cyclone (TC), defined as the azimuthal

mean radius of 17 m s21 surface tangential wind from the TC

center (R17), is an important parameter to describe the TC

structure and its impact area. A larger TC may readily modify

its environmental flow (Carr and Elsberry 1997). In addition, a

TC with a greater size leads to a greater destructive potential

(Emanuel 2005; Sun et al. 2017). Irish et al. (2008) found that

for a given TC intensity, the storm surge could change up to

30% within a reasonable TC size range. TCs tend to have a

larger size and becomemore destructive under global warming

(Sun et al. 2017).

Previous studies suggested that numerous factors such as

latitude, ocean basin, environmental pressure, relative hu-

midity, the distribution of diabatic heating and sea surface

temperaturemight affect TC size (Atkinson 1971;Merrill 1984;

Frank and Gray 1980; Weatherford and Gray 1988; Cocks and

Gray 2002; Liu and Chan 2002; Kimball andMulekar 2004; Hill

and Lackmann 2009; Chavas and Emanuel 2010; Chan and

Chan 2012; Knaff et al. 2014; Frisius 2015; Tsuji et al. 2016; Sun

et al. 2017). For instance, Holland and Merrill (1984) found

that the size of a TC was affected by its interaction with the

environmental flow. Liu and Chan (2002) emphasized the role

of synoptic flow patterns in affecting TC size. Hill and

Lackmann (2009) suggested that environmental relative hu-

midity is an important factor affecting TC size. Ma et al. (2019)

noted that the difference of TC size between the western North

Pacific (WNP) and the North Atlantic depended primarily on

the distinctive vertical temperature profiles of the mean state

over the two basins. Smith et al. (2011) suggested that an op-

timum background rotation strength existed for TC size.

Several idealized numerical model experiments indicated

that the final size of a TC depended on initial vortex radial

distribution (e.g., Rotunno and Emanuel 1987; Xu and

Wang 2010a,b; Chan and Chan 2014; Kilroy and Smith

2017). Initial larger horizontal wind extent and higher wind

speed outside the inner core favored the vortex expansion in

the later development stage (Chan and Chan 2014; Kilroy

and Smith 2017).

Typhoon Lan was the largest TC over the WNP in 2017.

Compared to the median size of 185 km in the WNP (see

Table 1 of Ma et al. 2019), TC Lan reached a maximum size of

447 km at 0300 UTC 21 October 2017. What caused such an

unusually large TC size? Motivated by this question, we

examined the evolution of the low-frequency background

circulation and the typhoon. Figure 1 shows the evolution

of the vertically integrated 10–90-day-filtered horizontal

wind and outgoing longwave radiation (OLR) fields from

17 to 22 October 2017. A Lanczos bandpass filter (Duchon

1979) with a 10–90-day period was performed to the

reanalysis data around the TC period to extract the low-

frequency signal. This method modifies the response func-

tion by adjusting weight functions so that the amplitude of

Gibbs oscillation is reduced. The difference between the

unfiltered field and the filtered field with the 10–90-day

bandpass filter represents the lower-frequency background

mean flow and the synoptic-scale flow that includes initial TC

vortex. It is interesting to note that during its northward jour-

ney, Typhoon Lan was always embedded in a large-scaleCorresponding author: Tim Li, timli@hawaii.edu
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background cyclonic vortex. The zonal scale of the large-scale

vortex was around 4000 km.

The WNP is the active region of the atmospheric intra-

seasonal oscillation (ISO) and synoptic-scale variability (Li

and Wang 2005; Zhou and Li 2010). TC development in

the WNP is often accompanied by multiscale low-frequency

waves including the ISO (Liebmann et al. 1994; Maloney and

Hartmann 1998; Fu et al. 2007; Li 2012; Li and Zhou 2013a,b;

Li 2014). The ISO exerts a large-scale control on TCs and is one

of the vital factors affecting TC genesis (Xu et al. 2013, 2014;

Cao et al. 2014; Zhao and Li 2018), rapid intensification (Hsu

et al. 2011; Yan et al. 2019), and movement (Bi et al. 2015;

Yang et al. 2015). As a typical low-frequency circulation in the

WNP, the monsoon gyre (MG) has a marked impact on TC

formation (Lander 1994; Harr et al. 1996; Ritchie and Holland

1999; Li et al. 2006; Wu et al. 2013). Based on high-resolution

numerical model simulations, Bi et al. (2015) demonstrated

that there was a two-way interaction between TC Megi (2010)

and a low-frequency MG.

Previous studies of the TC–ISO relationship mostly focused

on the impact of the ISO on TC genesis and track. Less at-

tention was paid to the effect of the low-frequency circulation

on TC size. The objective of the present study is to investigate

specific physical processes through which the low-frequency

circulation influenced the size of TC Lan (2017). The remain-

ing part of this paper is organized as follows. section 2

provides a brief overview of TC Lan and the surrounding

low-frequency circulation. The numerical experiment design is

given in this section as well. section 3 describes the model

control simulation result. In section 4, the relative contribution

of the low-frequency dynamic (wind) and thermodynamic

(moisture) fields are examined with sensitivity experiments. In

section 5, the specific mechanism responsible for the impact of

the low-frequency circulation on the TC size is discussed.

Conclusions and discussion are given in section 6.

2. Overview of TC Lan and experiment design

Supertyphoon Lan formed in the WNP on 15 October 2017,

initially as a tropical depression. It moved into the Philippine

Sea and became a named tropical storm, Lan, by 0000 UTC

16 October. After its genesis, Lan moved toward the north and

had rapidly intensified into a typhoon at 0000 UTC 18 October

and its size was only about 160 km at that time. After this, Lan

expanded in size and continued to develop while moving

northward. At 1800 UTC 20 October, the typhoon under-

went rapid intensification and its R17 grew into 400 km,

reaching the supertyphoon intensity. Though the TC was

headed on a northward track, its outer bands reached as far

as Taiwan and the Philippines, which were about 1100 km

from the TC center. Farther north to the east of Taiwan, Lan

reached its peak intensity at 1200 UTC 21 October, with a

central minimum sea level pressure of 922 hPa and a maxi-

mum sustained wind speed of 67 m s21. It is noted that Lan’s

size is calculated by the Multiplatform Tropical Cyclone

Surface Wind Analysis (MTCSWA; Knaff et al. 2011) data,

which is the high-resolution storm-centered wind dataset

for individual TCs.

To investigate the effect of the low-frequency cyclonic vor-

tex on the large size of TC Lan, we design the following

control and sensitivity experiments. The numerical model

used in this study is version 3.7.1 of the Advanced Research

core of the Weather Research and Forecasting (WRF-ARW)

Model (Skamarock et al. 2008) with three interactive nested

domains. The mesh sizes in the three domains are 300 3 250,

301 3 301, and 301 3 301 with horizontal grid sizes of 27, 9,

and 3 km, respectively. The model has 47 vertical levels with

the top at 10 hPa. The National Centers for Environmental

Prediction (NCEP) global final (FNL) analysis was used to

provide the model initial and lateral boundary conditions.

The Kain–Fritch convective scheme (Kain and Fritsch 1993)

is used in the two outermost meshes, whereas the convection

is explicitly resolved in the innermost mesh. The other model

physics include WSM 6-class cloud microphysics scheme

(Hong and Lim 2006), the Dudhia for shortwave radiation

(Dudhia 1989), the Rapid Radiative Transfer Model (RRTM)

for longwave radiation scheme (Mlawer et al. 1997), the

Yonsei University (YSU) planetary boundary layer scheme

(Hong et al. 2006), and Monin–Obukhov surface-layer

scheme (Beljaars 1995). The surface bulk drag (Charnock

1955) is applied in all the model domains. The observed

lateral boundary condition from the NCEP final analysis

(FNL) is specified in the outermost domain. Two inner

nested domains move automatically following the model

storm (Davis et al. 2008).

In the control experiment (CTL), the model initial con-

dition is specified from the NCEP FNL at 0000 UTC

17 October 2017, and it is integrated for 4 days. In the sen-

sitivity experiment (NO_ISO), the 10–90-day-filtered ISO

fields including wind, temperature, specific humidity, geo-

potential height and sea level pressure are removed from the

initial and lateral boundary conditions of the NCEP FNL

dataset. By comparing the CTL and NO_ISO experiments,

one may reveal how and to what extent the low-frequency

cyclonic MG affects the TC size.

Two additional sensitivity experiments are further car-

ried out, to understand the relative roles of the low-

frequency wind and moisture fields in modulating the TC

size. In the NO_SH experiment, only the 10–90-day-filtered

TABLE 1. List of the control experiment and all sensitivity

experiments.

Expt name Description

CTL Total fields from NCEP FNL are specified in the

initial and lateral boundary conditions

NO_ISO As in CTL except that all of the intraesasonal fields

are removed from the initial and lateral boundary

conditions

NO_SH As in CTL except that only the intraseasonal

moisture field is removed from the initial and

lateral boundary conditions

NO_V As in CTL except that only the intraseasonal wind

related (including temperature and pressure)

fields are removed from the initial and lateral

boundary conditions

522 MONTHLY WEATHER REV IEW VOLUME 149

Brought to you by NOAA Central Library | Unauthenticated | Downloaded 01/16/24 09:14 PM UTC



specific humidity anomaly field is removed from the initial and

lateral boundary conditions, while the other low-frequency

variables such as the wind, geopotential height and tempera-

ture field are retained so that the background dynamic fields

remain in hydrostatic and quasigeostrophic balance. This

experiment is designed to investigate the sole effect of the

low-frequency moisture on the TC size. In contrast, the

NO_V experiment retains only the low-frequency moisture

FIG. 1. Evolution of 10–90-day bandpass-filtered wind field (vectors) averaged between 850 and 300 hPa and

OLRfield (shaded;Wm22). The red oval shows the approximate shape of the 10–90-day low-frequency vortex. The

black dots and red typhoon marks represent the centers of the low-frequency vortex and the TC Lan, respectively.
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field while removing the other low-frequency fields. By

comparing the TC size difference between the NO_SH and

NO_V experiments, one may reveal the relative contribution

of the dynamic and thermodynamic impact on the TC size.

Table 1 lists the control and all the sensitivity experiments.

3. Distinctive TC sizes simulated by the CTL and
NO_ISO

As described in the previous section, the control and

NO_ISO sensitivity experiments are designed to investi-

gate the role of the large-scale ISO flow on the TC size. As

the TC was surrounded by the large-scale ISO flow, we first

plotted the vertical profiles of area-averaged (58–308N,

1108–1708E) low-frequency temperature, specific humidity,

divergence and vorticity fields (Fig. 2). The temperature

vertical profile shows a higher temperature anomaly in the

upper troposphere (200–300 hPa) than in the lower tropo-

sphere, inferring a more stable stratification associated with

the ISO (Fig. 2a). The specific humidity profile presents

positive anomalies throughout the troposphere (Fig. 2b).

Such a moisture profile is consistent with a convergence

anomaly in the lower troposphere, a divergence anomaly in

the upper troposphere (Fig. 2c), and an ascending anomaly in

the midtroposphere due to the mass continuity. A pronounced

positive vorticity anomaly occurs throughout the troposphere

(Fig. 2d). This background deep-layer vorticity, along with the

positive moisture anomalies, may contribute greatly to the

unusual large size of TC Lan.

The average radius of 17m s21 surface tangential wind speed

(R17) is used to measure the TC size. Figure 3 shows the ob-

served and simulated TC tracks and time evolutions of the

minimum sea level pressure (MSLP) and the TC size (R17)

from the observation and the CTL experiment. The CTL

simulation is able to capture the observed TC track, MSLP and

R17 (Figs. 3a–c) even though the maximum surface wind speed

(MWS) is underestimated slightly after hour 72 (not shown).

At hour 96, the simulated TC size in the CTL experiment is

about 430 km, close to the observed.

Figure 4 shows the simulation results from the CTL and

NO_ISO experiments. An obvious difference is the simu-

lated TC size at hour 96. The R17 difference between the

two experiments becomes larger and larger with time in-

tegration (Fig. 4b). At hour 96, the TC size in the NO_ISO

experiment is only about a half of that in the CTL experi-

ment. In contrast to the steady increase of the size differ-

ence, the TC intensity evolutions appear more complicated.

A common feature among the MWS and MSLP evolutions

is a weaker intensity in NO_ISO relative to CTL during

the initial 72-h integration period.

FIG. 2. The vertical profiles of area-averaged (58–308N, 1108–1708E) (a) temperature, (b) specific humidity,

(c) divergence, and (d) vorticity fields associated with the low-frequency circulation at the model initial time.
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The TC size difference may be better viewed from the

horizontal distribution of the simulated 850-hPa wind fields

(Fig. 5). Note that the TC cyclonic circulation in the CTL

experiment is stronger, starting from the initial condition,

and develops at a much faster rate. The cyclonic circulation

expands rapidly toward the outer region. In contrast, the

cyclonic circulation is weaker and confined in the inner core

region as a result of the absence of the low-frequency ISO

flow in NO_ISO.

The dependence of the TC size on initial TC intensity may

be further viewed from the radial profiles of azimuthal-mean

tangential wind fields (Fig. 6). At least for the first 72 h, the

radial slope of the tangential wind in the outer region appears

fixed. As a result, the expansion of the TC size is closely related

FIG. 3. (a) The JTWC best track (black) and the simulated Lan track in the control experiment (blue) from

0000UTC 17Oct to 0000UTC 21Oct at 24-h intervals. Time series of (b) theminimum sea level pressure (hPa) and

(c) R17 (km; representing TC size) from MTCSWA (black) and the control experiment (blue) correspond to the

above time.

FIG. 4. Time series of (a) the minimum sea level pressure (hPa) and (b) R17 (km) for the control experiment (blue)

and the NO_ISO experiment (red).
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to the increase of the TC intensity. Amore general relationship

between the TC intensity and size will be discussed in section 5.

The numerical model simulations above successfully illus-

trate the role of the low-frequency circulation in affecting the

TC size. Given that the low-frequency mode contains both

the dynamic (wind) and thermodynamic (moisture) fields, in

the following section we further investigate their relative roles.

4. Relative roles of low-frequency dynamic and
thermodynamic fields

To reveal the relative roles of the low-frequency dynamic

and thermodynamic fields, we conducted two additional sen-

sitivity experiments. Figure 7 shows the time evolutions of

simulated MSLP and R17 in NO_SH and NO_V, respectively.

As compared with the CTL experiment, the TC size in the two

additional sensitivity experiments shows a distinctive feature.

In NO_SH, the TC size differs greatly during the initial 24-h

period compared to CTL, and the size difference decreases

with time (Fig. 7b). In contrast, the TC size difference between

NO_V and CTL is small initially and increases greatly with

time (Fig. 7d).

To quantitatively describe the TC size difference between

NO_SH and NO_V, we introduce a size index, defined as the

time average of R17 difference from the CTL experiments

during hours 24–96 (shown in Figs. 7b and 7d). Figure 8 illus-

trates the calculated size index in NO_ISO, NO_V and NO_SH.

It indicates that the TC size change is much greater in NO_V

(162.5 km) than in NO_SH (60.3 km). This corresponds to 73%

and 27% of the size change by the dynamic and moisture fields,

respectively. Therefore, the low-frequency wind field plays a

dominant role in regulating the TC size change.

FIG. 5. Simulated wind field (vectors) and total wind speed (shaded) at 850 hPa in (a)–(d) CTL and (e)–(h) NO_ISO at a time

interval of 24 h.

FIG. 6. The radial distribution of the azimuthal-mean tangential wind profile at 10 m for the CTL (black) and NO_ISO (red) experiments.
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The size difference between NO_V and NO_SH is accom-

panied by the intensity difference shown in Figs. 7a and 7c.

Note that the simulated MSLP in NO_SH is quite close to that

in CTL, whereas the simulated MSLP in NO_V is much

weaker. This implies a connection between the TC intensity

and R17. A stronger TC intensity leads to a greater TC size.

This result is consistent with that shown in Fig. 6.

Because the TC size difference is most obvious in NO_V

(Fig. 7d) compared to CTL, in the next section we will focus on

examining the difference between NO_V and CTL. A special

attention will be paid to the impact of the low-frequency wind

on the TC size.

5. Impact of the low-frequency wind on TC size

A key question is how the low-frequency dynamic field

can substantially affect TC size. We hypothesize that it may

work through the following three processes. The first is

through its impact on the background vertical wind shear

(VWS). Strong VWS generally has a negative impact on the

TC intensification (e.g., Gray 1968; DeMaria and Kaplan

1994; Wang and Holland 1996; Jones 1995, 2000; Hanley

et al. 2001). A greater intensity often leads to a greater TC

size (Wu et al. 2015; Knaff et al. 2016; Ma et al. 2019).

Therefore, we first examine the background VWS fields in

the CTL and NO_V experiments.

Figure 9 shows the area-averaged vertical wind shear vector

around the initial TC center. It was calculated based on a re-

gion with a radius of 400 km centered at the TC center. The

black arrow represents the VWS of the low-frequency field, the

purple arrow is the VWS in CTL, and the green arrow repre-

sents the VWS in NO_V. Therefore, the background VWS is

weaker in CTL, whereas it becomes stronger in NO_V. The

calculated VWS for the total wind in CTL is 4.0 m s21. The

FIG. 7. Time evolutions of (left) the TCminimum sea level pressure (hPa) and (right) R17 (km; representing the TC

size) for the (a),(b) NO_SH and (c),(d) NO_V experiments.

FIG. 8. Relative contribution of the low-frequency dynamic and

thermodynamic impact on the TC size. The left bar shows the R17

difference between CTL and NO_ISO. The center bar shows the

R17 difference between CTL and NO_V. The right bar shows the

R17 difference between CTL and NO_SH.
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VWSassociated with the low-frequency vortex is 4.8m s21, and

the VWS in NO_V is 8.3 m s21.

According to Nolan and McGauley (2012), a light wind shear

(2.5–5 m s21) is favorable for TC development, whereas a larger

wind shear value (.7.5 m s21) hinders TC development. The

result is consistent with that derived from the current sensitivity

experiments. In CTLwhen the initial TC vortex develops within

the low-frequency circulation, the VWS is in the range of the

light wind shear, which favors the TC development. In NO_V

when the low-frequency flow is removed, the VWS becomes

much larger and is in the range of the larger wind shear, which is

not conducive to a strong TC development. The result implies

that the low-frequencyVWS tends to weaken the seasonal mean

background vertical shear and thus provides a favorable condi-

tion for theTCdevelopment.A greater TC intensitymay further

lead to a larger TC size.

To examine a statistical relationship between TC intensity

and size over the WNP, we plotted a scatter diagram between

them during 2001–18 in Fig. 10. Here TC intensity is repre-

sented by MSLP whereas TC size is represented by R17. Both

theMSLP and R17 are from the Joint TyphonWarning Center

(JTWC) dataset. Total typhoon numbers examined during the

period is 334. For each typhoon, the MSLP and R17 during the

time of its maximum intensity are used in the scatter diagram.

The correlation coefficient between the MSLP and R17

is 20.54, which is statistically significant, exceeding a 99%

confidence level. Therefore, a stronger TC in general possesses a

larger size in the WNP.

The second process is through the vorticity aggregation

process. The low-frequency flow exhibits a cyclonic vorticity

anomaly throughout the troposphere (Fig. 2d). The enhanced

background cyclonic vorticity tends to force convective insta-

bility generated small-scale vortical hot towers (VHTs) toward

the TC center (Nolan 2007; Montgomery et al. 2012; Davis

2015; Kilroy and Smith 2016). Figure 11 depicts the evolutions

of the relative vorticity field at 900 hPa in CTL and NO_V. At

hour 12, a large number of small-scale convective cells (rep-

resented by small-scale vorticity centers) appear in the outer

region, due to enhanced surface latent heat flux (Li 2012).

Compared with the background without the low-frequency

vortex, the enhanced background cyclonic vorticity in CTL

forces the small-scale VHTs to move toward the TC center

more efficiently through the vorticity segregation process. As

these positive vorticity eddies move radially inward and be-

come closer to each other, they have great potential to merge,

forming a stronger mesoscale core. As a result, a stronger and

larger TC core forms at hours 24 and 48 in CTL (Fig. 11). This

self-aggregation feature is similar to previous studies (e.g., Ge

et al. 2013a; Ge et al. 2015). Therefore, the low-frequency

background vorticity, through the vorticity segregation pro-

cess, leads to a faster growth of the TC intensity in CTL than in

NO_V. The overall impact of the low-frequency vorticity is to

merge small-scale unorganized convective cells into an orga-

nized TC core system.

It is worth mentioning that a recent study by Kilroy et al.

(2017) found that the classical barotropic vorticity segregation

dynamics involving the inward movement of cyclonic vorticity

anomalies and the expulsion of anticyclonic anomalies were

not clearly presented in a full-physics model. In particular,

anticyclonic anomalies were difficult to be ‘‘pushed away’’ as

they were embedded in a layer of strong inflowing air. Rather,

in an environment with increased background cyclonic vorticity

as in the CTL case, individual convective cells produced much

stronger positive vorticity anomalies than anticyclonic anomalies,

because a positive circulation–convection feedback happened

only in the cyclonic vorticity regions. The cells were stretching

locally the strong background rotation. In the end the anticy-

clonic anomalies produced by tilting were relatively weak and

shorter lived than the cyclonic anomalies (Kilroy and Smith 2016).

FIG. 10. Scatter diagram of MSLP (hPa) vs R17 (km) during the

time of the maximum TC intensity in the WNP derived from the

JTWC best track dataset during 2001–18. The correlation is sta-

tistically significant at a 99% confidence level.

FIG. 9. Area-averaged vertical wind shear (m s21) within a radius

of 400 km centered on the TC center at the model initial time. The

black, purple, and green arrows denote the VWS of the low-

frequency flow, the total flow in CTL, and the flow with the low-

frequency motion removed in NO_V, respectively.
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FIG. 11. The horizontal distribution of low-level (900-hPa) relative vorticity (areas greater than 4 3 1024 s21 are

shaded) at hours (top) 12, (middle) 24, and (bottom) 48 in (left) CTL and (right) NO_V.
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The large-scale inflow converged these locally enhanced cy-

clonic vorticity cells, leading to the storm-scale circulation

development.

It is interesting to note that in ‘‘NO_V’’ the convection ap-

pears to formmostly on the NW side, while in ‘‘CTL’’ it is more

symmetric. This is likely directly related to the stronger shear

shown in Fig. 9. Previous studies suggested that a stronger

shear tended to create a larger wavenumber-1 asymmetry (e.g.,

Ge et al. 2013b).

The third process is through enhanced convective instability

and the occurrence of spiral rainbands in the outer region.

Because of the impact of the low-frequency cyclonic wind, the

total surface wind speed increases in CTL. This leads to the

increase of the surface latent heat flux (Figs. 12a–c). As a result,

FIG. 12. Radial distributions of the azimuthal-mean (a)–(c) surface latent heat flux (Wm22), (d)–(f) water vapormixing ratio (g kg21) at

2 m, and (g)–(i) equivalent potential temperature ue (K) averaged over 0–2 km at hours (left) 24, (center) 48, and (right) 72 for the CTL

(black) and NO_V (blue) experiments. A 24-h running mean has been applied to each panel.
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there is a great increase of surface moisture in both the inner

and outer regions (Figs. 12d–f). It is interesting to note that

near-surface moisture increases more in the inner and the

outer regions at hours 48 and 72, with a minimum in between

(at about 300-km radius) (Figs. 12e,f). The increase of the

moisture in the outer region eventually leads to a convectively

unstable stratification, as seen from the radial profile of low-

level equivalent potential temperature (Figs. 12g–i).

The enhanced convective activity in the outer region can

be inferred from the vertical–radial distribution of the dia-

batic heating field (Fig. 13). Note that the diabatic heating in

the upper troposphere, mostly attributed to condensational

heating, expands more toward the outer region in CTL than

in NO_V, particularly at hours 48 and 72. It was demon-

strated that a radially expanded diabatic heating could en-

large the TC size through enhanced low-level inflow in the

outer region (Xu and Wang 2010b). The expanded radial

distribution of the diabatic heating is consistent with the

vertical velocity field (Fig. 14), with stronger ascending

motion appearing in the outer region (Figs. 14b,c,e,f). The

vertical velocity difference field between CTL and NO_V

shows enhanced ascending motion in both the eyewall and

the outer region and a compensating descent in between

(at about 300-km radius) (Figs. 14g–i).

It is physically argued that the enhanced convection and

vertical motion in the outer region accelerate the low-level

convergence in situ, causing a stronger inflow outside of the

descent region. This helps accelerate the local tangential wind,

leading to the expansion of the TC size. The strengthened local

surface wind in the outer region further increases surface latent

heat flux and thus near-surface moisture. Meanwhile the

compensating descent near 300-km radius and associated

anomalous low-level divergence prevents the inward transport

of the moisture in the outer region. As a result, more moisture

is accumulated in the outer region (Figs. 12d–f), leading to the

setup of local convective instability (Figs. 12g–i) and convec-

tive bursts. Through this positive feedback loop between the

local anomalous secondary circulation and the surface latent

heat flux/moisture, an enlarged R17 difference occurs between

CTL and NO_V.

It’s worth mentioning that, while the descent near 300 km

radius tends to reduce the low-level inflow slightly outside

of this radius, favoring the accumulation of the moisture in

the outer region, the TC intensity in CTL is still stronger than

in NO_V. This is likely attributed to an enhanced secondary

circulation in the inner-core region with strengthened ascent

at the eyewall (Fig. 14i). Thus, the compensating descent

near 300-km radius and associated anomalous low-level

FIG. 13. Azimuthal mean vertical–radial cross sections of the tangential wind (m s21; contours) and the diabatic heating (1023 K s21;

shaded) fields at hours (left) 24, (center) 48, and (right) 72 from the (a)–(c) CTL and (d)–(f) NO_V experiments. A thickened black

contour represents the wind speed of 17 m s21. A 24-h running mean has been applied to each panel.
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divergence, on the one hand, strengthen the inflow in the

inner-core and make the TC stronger, and on the other hand

prevent the inward transport of the moisture in the outer

region, leading to the accumulation of the surface moisture

and thus convective instability in the outer region and the TC

size increase.

6. Summary and discussion

Typhoon Lan (2017) was the largest tropical cyclone in the

WNP in 2017. It caused a wide range of disasters and tre-

mendous property loss to Japan. The physical mechanism re-

sponsible for its unusual size was investigated through a series

of idealized numerical experiments with the WRF Model. It is

found that a low-frequency large-scale cyclonic vortex ac-

companied Lan during its life cycle. In the control experiment

(CTL) with all time-scale motions being included, the model is

able to capture the observed unusual size of Lan. In the first

sensitivity experiment (NO_ISO), the 10–90-day-filtered ISO

fields including wind, temperature, specific humidity, geo-

potential height, and sea level pressure were removed from the

initial and lateral boundary conditions. In the absence of the

low-frequency impact, the TC size experiences a dramatic re-

duction. The size difference between CTL and NO_ISO indi-

cates that the low-frequency ISO plays an important role in

affecting the TC size.

FIG. 14. Azimuthal mean vertical–radial cross sections of the radial wind (m s21; contours) and the vertical velocity (1021 m s21; shaded,

with red colors representing ascent motion) at hours (left) 24, (center) 48, and (right) 72 from (a)–(c) CTL, (d)–(f) NO_V, and (g)–(i) the

difference between the two experiments (CTL 2 NO_V). A 24-h running mean has been applied to each panel.
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To understand the relative role of the ISO dynamic and

thermodynamic fields, two additional sensitivity experiments

were conducted. They are same as CTL except that only the

low-frequency wind (and associated pressure/temperature)

field (NO_V) or only the low-frequency specific humidity

field (NO_SH) was excluded, respectively. Comparing these

experiments, we conclude that the low-frequency dynamic field

contributes the most (;73%) to the TC size difference. Thus

the idealized numerical model result suggests the dominant

role of the low-frequency wind field in modulating the TC size.

A further analysis reveals that the low-frequency circulation

affects the TC size through the following three processes. First,

the low-frequency VWS tends to weaken the mean vertical

shear, leading to a greater development of the initial vortex.

A greater TC intensity is in general conductive to a larger

TC size. Second, the low-frequency deep cyclonic vorticity

promotes the merging of convective instability generated

small-scale VHTs through a vorticity aggregation process.

Through the enhanced vorticity aggregation process, a

stronger, well-organized TC core structure forms, which

leads to a faster growth of the TC intensity and size. Third,

the low-frequency cyclonic wind strengthens the total sur-

face wind speed and thus surface latent heat flux, increasing

low-level moisture and convective instability in both the

inner and outer regions. A compensating descent appears

outside of the eyewall (near 300-km radius) as the TC sec-

ondary circulation develops. This descent tends to slow

down the inward transport of the moisture from the outer

region. As a result, the accumulated water vapor in the outer

region triggers local convective bursts and promotes stron-

ger radial inflow and tangential wind. The outer rainband

strengthens the descent and an anomalous secondary cir-

culation in the outer region. Through this positive feedback

loop, more and stronger convective bursts appear in the

outer region. The so-expanded radial profile of the diabatic

heating eventually leads to a large TC size.

While previous studies paid less attention to the effect of the

low-frequency circulation on TC size, here through idealized

numerical model experiments, we demonstrate that the 10–

90-day low-frequency flow plays an important role in modu-

lating TC size. However, the current study is just a case study.

Is there a statistical relationship between the low-frequency

cyclonic circulation and TC size? To address this question, we

examined the general relationship between TC size and ISO

intensity in the WNP during an 18-yr period (2001–18).

Figure 15 shows a scatter diagram between them. Here the TC

size is defined as R17 when a TC reaches a maximum inten-

sity, and the ISO intensity is represented by standardized 10–

90-day-filtered outgoing longwave radiation (OLR) anomalies

averaged at a 108 by 108 box over the TC center during the time

of the maximum intensity. The number of total TC cases an-

alyzed here is 334. Note that there is a statistically significant

relationship between the TC size and the ISO strength. A

stronger ISO intensity (i.e., a larger negative OLR anomaly) is

often associated with a greater TC size. The statistical rela-

tionship greatly supports the conclusion from the current case

study, that is, the low-frequency cyclonic vortex associated

with the ISO plays an important role in causing the large TC

size for Lan (2017). In Fig. 15 the TC size during its maximum

intensity was used. A parallel analysis with the use of a maxi-

mum TC size during its life cycle shows a similar significant

relationship with the ISO strength (figure not shown).

For the life cycle of an individual TC, the relationship be-

tween its size and intensity with time appears more compli-

cated. For example, one can see from Fig. 4 that there is a

closer link between Lan’s intensity and size during its initial

developing stage, but their relationship becomes more com-

plicated during the later mature stage. In an idealized numer-

ical experiment, Kilroy et al. (2016) showed that TC enlarges

its size during its initial developing stage and continues growing

in size even after it starts decaying. Sitkowski et al. (2011) and

Zhou and Wang (2011) found that the secondary eyewall for-

mation was conducive to the expansion of TC outer region, but

the subsequent eyewall replacement cycle would weaken TC

inner-core intensity, causing intensity fluctuation. Therefore, it

is important to conduct further observational and modeling

studies to reveal the complicated, temporally varying rela-

tionship between TC intensity and size.
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