
Sensitivity of boundary layer
schemes in simulating the
asymmetric rainfall of landfalling
typhoon Lekima (2019)

Jingjing Duan1,2, Zifeng Yu1*, Bo Hu2, Yan Zhen3,
Kevin K. W. Cheung4, Yubin Li5,6 and Zhiying Cai2

1Key Laboratory of Numerical Modeling for Tropical Cyclone of China Meteorological Administration,
Shanghai Typhoon Institute, Shanghai, China, 2Ningbo Meteorological Bureau of Zhejiang Province,
Ningbo, China, 3Ningbo Zhenhai Meteorological Bureau of Zhejiang Province, Ningbo, China, 4E3-
Complexity Consulting, Eastwood, NSW, Australia, 5Key Laboratory for Aerosol-Cloud-Precipitation of
China Meteorological Administration, Collaborative Innovation Center on Forecast and Evaluation of
Meteorological Disasters, School of Atmospheric Physics, Nanjing University of Information Science
and Technology, Nanjing, China, 6Southern Marine Science and Engineering Guangdong Laboratory
(Zhuhai), Zhuhai, China

A group of control (CTL) plus ten sensitivity numerical experiments have been

conducted to investigate the sensitivity of planetary boundary layer (PBL)

schemes in simulating the asymmetric precipitation distribution of typhoon

Lekima (2019) during landfall. The simulated track and intensity are quite

sensitive to the choice of the PBL scheme. In CTL that applies the

Mellor–Yamada Nakanishi and Niino (MYNN) PBL and the surface layer

scheme, the observed eyewall replacement 6 h prior to landfall and the

asymmetric precipitation during landfall have been simulated well.

However, in the PBL1 experiment that applies the Yonsei University (YSU)

PBL scheme and the Revised Mesoscale Model version 5 (MM5)

Monin–Obukhov surface layer scheme, no double eyewall is simulated.

PBL1 and the other sensitivity experiments also simulate more

axisymmetric precipitation distribution. PBL1 simulates intensification just

before landfall, sustains intensity longer after landfall, but then dissipates

quite rapidly. Such differences from CTL are due to larger enthalpy flux,

higher PBL height (which is almost unchanged in CTL), and eddy diffusivity

extending more into the free atmosphere in PBL1. These factors lead to

outward expansion of the radius of maximum wind, larger radial inflow,

larger axisymmetric tangential wind in the boundary layer, and larger

updrafts in the eyewall. After landfall, larger momentum flux and larger

friction velocity in PBL1 enable the more rapid dissipation. The

intensification before landfall in PBL1 makes the axisymmetric component

stronger. Asymmetry developed in the outer eyewall, and PBL1 was less

successful in simulating the eyewall replacement that affects the degree of

rainfall asymmetry. These results indicate that the model PBL schemes largely

influence the simulated tropical cyclone (TC) intensity and structure including

asymmetric rainfall distribution during landfall.
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1 Introduction

China experiences the most landfalling tropical cyclones

(TCs) in the world, with an average of seven to eight such

events per year (Zhang et al., 2011). Most TC damage occurs

during the landfall. Strong wind, torrential rain, and storm surges

caused by TCs may lead to heavy casualties and property

damages. Despite the considerably improved accuracy of TC

track forecasts over the last decades (Emanuel, 2000; DeMaria

et al., 2007), the accuracy of precipitation forecasts during TC

landfalls remains low (Yu et al., 2013, 2020). When the 24 h

accumulated precipitation reaches 100 mm, the equitable threat

score for the current operational numerical model forecasts is

approximately 0.2, while the precipitation is 250 mm or higher,

the score drops below 0.1 or even lower (Yu et al., 2020).

With the rapid advancement of modern weather observing

systems such as satellites and radars (Yu et al., 2009), the analysis

of precipitation distribution characteristics in TCs has greatly

improved. Environmental vertical wind shear (VWS) is regarded

as a crucial factor affecting the precipitation distribution in TCs

over the ocean (Lonfat et al., 2004; Chen et al., 2006; Reasor et al.,

2013). When VWS is greater than 5 m s−1, the asymmetry of

precipitation distribution in TCs is noticeable (Chen et al., 2006).

Such asymmetry is more noticeable in an environment with

strong westerly wind shear than one with strong easterly wind

shear (Wingo and Cecil, 2010). These observational results

indicate that the radial precipitation differences in a TC are

predominantly dependent on the intensity of TC itself, whereas

the azimuthal precipitation differences are mainly affected by

VWS (Hence and Houze, 2012). The asymmetric precipitation

distribution is attributable to the asymmetric vertical air motion,

specifically the relative updraft and downdraft in downshear and

upshear locations, respectively. The convective precipitation

mainly occurs in the downshear-right quadrant in the eyewall

region (Hence and Houze, 2011), and thus heavy precipitation

generally concentrates in the downshear-left quadrant when

TABLE 1 Numerical experiment design.

Experiment
name

PBL scheme
description

Surface layer scheme

CTL MYNN2.5 MYNN

PBL1 YSU Revised
MM5 Monin–Obukhov

PBL2 MYJ Monin–Obukhov

PBL3 QNSE QNSE

PBL4 MYNN3 MYNN

PBL5 ACM2 Revised
MM5 Monin–Obukhov

PBL6 BouLac Revised
MM5 Monin–Obukhov

PBL7 UW Revised
MM5 Monin–Obukhov

PBL8 TEMF TEMF

PBL9 SH Revised
MM5 Monin–Obukhov

PBL10 GBM Revised
MM5 Monin–Obukhov

FIGURE 1
Observed and simulated (A) tracks, (B) MWS (unit: m/s), and
(C) MSLP (unit: hPa) of typhoon Lekima. Dotted line denotes the
observed landing time.
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advected by the TC cyclonic circulation (Hence and Houze, 2011;

Yu et al., 2017).

Compared with TCs over the ocean, landfalling TCs exhibit a

complex precipitation process (Ren and Xiang 2017). The large-

scale environmental field, TC intensity, land–sea contrast,

forcing of complex underlying surfaces such as water body

and topography, and mesoscale convective activities all can

cause TC structural change substantially, resulting in the

asymmetric distribution of precipitation (Chan and Liang

2003; Chen and Yau 2003; Yu et al., 2010; Li et al., 2014, Li

et al., 2015; Yu et al., 2022). Based on satellite precipitation

estimates, the asymmetric distribution of TC precipitation

(wavenumber-1) is mostly associated with VWS, whereas the

axisymmetric distribution of precipitation (wavenumber-0) is

closely related to the intensity of TC. When the environmental

VWS is less than 5 m s−1, heavy rain often concentrates on the

onshore side (Yu et al., 2017). Nevertheless, under internal vortex

dynamics (i.e., no environmental factor for asymmetry such as

vertical wind shear) rainfall maximum over the offshore side is

also possible (Li et al., 2014, Li et al., 2015).

In addition, high-resolution numerical models have been used

to investigate precipitation processes in TCs. Tao et al. (2011)

compared the effects of microphysical and planetary boundary

layer (PBL) parameterization schemes through a high-resolution

numerical simulation of extreme precipitation of TC Morakot

(2009) and found that forecasts were more sensitive to

microphysical schemes than to PBL schemes. However, some

studies applying numerical simulations have concluded equal

importance of PBL and cloud microphysical schemes in TC

precipitation simulations (Li and Pu, 2008). Some other studies

have revealed the importance of PBL parameterization in the

numerical simulations of TCs (Davis and Bosart, 2002; Li and

Pu, 2008; Hill and Lackmann, 2009). For example, the simulation

performance for the track and intensity of TCs depends on

whether PBL parameterization is used, and performances in

terms of the structure, intensity change, and track of TCs differ

FIGURE 2
Six-hour accumulated precipitation of GPM (unit: mm) at (A) 18:00 UTC on 8 August 2019, (B) 00:00 UTC on 9 August 2019, (C) 06:00 UTC on
9 August 2019, (D) 12:00 UTC on 9 August 2019, (E) 18:00 UTC on 9 August 2019, and (F) 00:00 UTC on 10 August 2019. The black arrow denotes
VWS between 200 and 850 hPa (reference magnitude in a), with black dots indicating the center of typhoon.
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with various PBL parameterization schemes. Xu et al. (2017)

selected a variety of microphysical and boundary layer schemes

to simulate nine typhoons affecting Zhejiang province. They found

that typhoon track and intensity closer to the observations were

simulated with the MYNN2 and Boulac boundary layer schemes,

and the Boulac scheme was also better for precipitation simulation.

Wang and Zhao (2020) used seven boundary layer

parameterization schemes in the WRF model to simulate

typhoon Meranti (2016). It was found that the PBL schemes

had a significant influence on the TC track and intensity in the

weakening phase of landfall, accompanied by significantly different

latent heat flux and sensible heat flux in the surface layer.

TC Lekima (2019) was a super typhoon when it made the

landfall and became the third most intense landfall typhoon in

the Zhejiang province of China according to China

meteorological records. Many recent studies have investigated

typhoon Lekima. Shi et al. (2020) and Shi and Chen (2021)

studied the rapid intensification (RI) of typhoon Lekima,

focusing on its kinetic energy and double warm-core structure

during the RI period. Xu and Liang (2021) identified an eyewall

replacement in typhoon Lekima on 8 August and 9 August over

the ocean. Xiang et al. (2021) found that before typhoon Lekima

made the landfall, there was an obvious concentric eyewall

structure. The extreme rainfall distribution prior to, during,

and post-landfall associated with typhoon Lekima presented

significant features of asymmetry. Dai et al. (2021) used radar

observations to show the substantial contribution of vortex

Rossby waves to the asymmetric structure of the typhoon’s

outer eyewall. He et al. (2021) examined the operational

rainfall forecast errors in the different stages of typhoon

Lekima after landfall. They concluded that the asymmetric

rainfall distribution of Lekima can hardly be predicted,

resulting in weak or even totally missed rainfall forecasts in

northern Zhejiang. This study aims to discuss the influence of

different PBL schemes on the asymmetric precipitation

distribution of typhoon Lekima (2019) prior to and during

FIGURE 3
Horizontal distribution of reflectivity (unit: dBz) at 0.5° elevation at (A) 06:00, (B) 12:00 UTC on 9 August 2019. FY-3B polar orbit satellite MWRI
89 GHz channel (C) vertical and (D) horizontal polarization detection brightness temperature (unit: K) at 15:00 on 9 August.
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landfall by using multiple sources of observation and high-

resolution numerical simulation.

2 Data and methods

Intensities and locations of typhoon Lekima were extracted

from the 3-hourly best track data officially released by the

Shanghai Typhoon Institute of China Meteorological

Administration (Ying et al., 2014). The hourly Global

Precipitation Measurement (GPM) precipitation data with a

spatial resolution of 0.1° was obtained from the National

Aeronautics and Space Administration (NASA) (https://pmm.

nasa.gov/data-access) were used in this study. The structure

associated with typhoon Lekima was examined by using the

brightness temperature from Feng-Yuan FY-3B polar orbit

satellite’s Micro Wave Radiation Imager (MWRI) 89-GHz

channel vertical and horizontal polarization detection (http://

satellite.nsmc.org.cn), and the 6-minute radar reflectivity from

the S-band Doppler radar at Wenzhou, Zhejiang Province,

China.

Numerical experiments (one control and ten sensitivity

tests) were conducted with the Advanced Research Weather

Research and Forecasting (WRF) model Version 4.1. These

simulations all had three two-way interactive, nested domains

with horizontal resolutions of 27, 9, and 3 km, and grid

numbers of 211 × 241, 355 × 355, and 319 × 319,

respectively. The innermost domain was designed to move

with the typhoon center. Thirty-four vertical levels were set

with a top at 50 hPa. The initial and lateral boundary conditions

were from the (0.5° × 0.5°) Global Forecast System of National

Center for Environmental Prediction (https://nomads.ncep.

noaa.gov/). The Kain–Fritch convective scheme (Kain and

Fritch 1993) was used in the outermost (27 km) domain, but

FIGURE 4
Simulated 6-h accumulated precipitation (unit: mm) at (A) 18:00 UTC on 8 August, (B) 00:00 UTC on 9 August, (C) 06:00 UTC on 9 August, (D)
12:00 UTC on 9 August, (E) 18:00 UTC on 9 August, and (F) 00:00 UTC on 10 August 2019 in the CTL experiment. The black arrow denotes VWS
between 200 and 850 hPa, with black dots indicating the center of typhoon.
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without convective parameterization for the other two domains.

The Lin microphysical scheme (Lin et al., 1983), Dudhia

shortwave scheme (Dudhia 1989), and Rapid Radiative

Transfer Model (RRTM) longwave parameterization (Mlawer

et al., 1997) were used in the three domains.

To investigate the possible effects of different boundary

layer schemes on the typhoon asymmetric precipitation

simulation during landfall, the MYNN 2.5 level turbulent

kinetic energy (TKE) PBL scheme was used in the control

(CTL) run. In addition, ten sensitivity experiments (PBL1 to

PBL10) are successively carried out by using the other ten PBL

schemes (Table 1). Here, YSU (Hong et al., 2006),

Asymmetrical Convective Model version 2 (ACM2) (Pleim,

2007), Bougeault and Lacarrere (BouLac) (Bougeault and

Lacarrere, 1989), University Washington (UW) Moist

Turbulence (Bretherton and Park, 2009), Shin-Hong “scale-

aware” (SH) (Shin and Hong, 2011), and Grenier-Bretherton-

McCaa (GBM) schemes (Grenier and Bretherton, 2001) were

coupled with the Revised MM5 Monin–Obukhov surface layer

scheme (Jimenez et al., 2012). Mellor-Yamada-Janjic (MYJ)

(Janjić, 1994) scheme was coupled with the Monin–Obukhov

surface layer scheme (Janjic, 1994). The quasi-normal scale

(QNSE) (Sukoriansky et al., 2005) scheme was coupled with the

QNSE surface layer scheme (Sukoriansky et al., 2005), while

MYNN2.5 andMYNN third (MYNN3)-level TKE PBL schemes

(Nakanishi and Niino, 2006; Nakanishi and Niino, 2009) were

coupled with the MYNN surface layer scheme (Nakanishi and

Niino, 2006) and the total energy mass flux (TEMF) (Angevine

et al., 2010) scheme used the TEMF surface layer scheme

(Angevine et al., 2010). The numerical simulations cover an

84 h period from 00:00 UTC on 8 August to 12:00 UTC on

11 August 2019.

3 Overview of typhoon lekima

Typhoon Lekima (2019) formed over the north-western

Pacific at 09:00 UTC on 4 August 2019. It reached its

maximum wind speed (MWS) of 62 m s−1 and minimum

central sea level pressure (MSLP) of 915 hPa at 15:00 UTC on

August 8. At 17:45 UTC on August 9, Lekima made landfall in

Wenling city of Zhejiang province of China, with MWS of

52 m s−1 and MSLP of 930 hPa. After landing, MWS further

rapidly decreased to 23 m s−1. At about 13:00 UTC on August 10,

Lekima made a northward deflection (Huang et al., 2022) and

moved further into Jiangsu province, with its intensity further

weakening (Figure 1).

Figure 2 shows GPM 6 h accumulated precipitation and the

200–850-hPa VWS just before and after the landfall. As early as

6-7 August, typhoon Lekima underwent a rapid intensification

under an environment with easterly VWS and rainfall

asymmetry emerged (Huang et al., 2021). From 8 August,

rainfall was clearly distributed asymmetrically, with heavy

FIGURE 5
Simulated 6-h accumulated precipitation (unit: mm) at the TC
landfall time in experiment (A) PBL1, (B) PBL2, (C) PBL3, (D) PBL4,
(E) PBL5, (F) PBL6, (G) PBL7, (H) PBL8, (I) PBL9, and (J) PBL10. The
black arrow denotes the VWS between 200 and 850 hPa,
with black dots indicating the center of typhoon.
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rainfall located on the downshear side at 18:00 UTC on

8 August (Figure 2A). VWS showed a counterclockwise

rotation and its magnitude decreased during the landfall

(Figures 2A–C). At 06:00 UTC on 9 August, the heavy

precipitation region was located on the right of shear

(Figure 2B). Six hours later, the heavy precipitation was

distributed mainly on the left of shear (Figure 2C). At 12:

00 UTC on 9 August, the shear was orientated toward the

northeast while the maximum rainfall occurred on the left of

shear in the coastal area (Figure 2D). VWS continued

decreasing to 2.6 m s−1. During and after the landfall

(Figures 2E,F), VWS remained low and further rotated

counterclockwise. However, the asymmetric rainfall

maximum did not rotate and is still on the downshear and

offshore side.

According to the radar observation (Figures 3A,B),

concentric eyewalls developed before the landfall,

accompanied by an eyewall replacement, which is also

identified by the satellite TBB analysis (Figures 3C,D). It can

be seen that along the shear at these times, the major convection

in the second concentric eyewall as well as the outer spiral

rainbands concentrated on the north/northwest side of the

typhoon center, which has seriously impacted the coastal areas

of Zhejiang (He et al., 2021; Ao et al., 2022).

4 Analysis of simulation results

4.1 Tracks and intensities

Figure 1 shows that the tracks of typhoon Lekima simulated

by CTL and the sensitivity experiments are relatively consistent

with each other before 06:00 UTC on 9 August (Figure 1A). After

that, the different influences of subgrid-scale turbulence under

the PBL parameterization schemes, together with their

interaction with the free atmosphere, on the typhoon motion

FIGURE 6
Simulated 6 h accumulated precipitation (unit: mm) at (A) 18:00 UTC on 8 August, (B) 00:00 UTC on 9 August, (C) 06:00 UTC on 9 August, (D)
12:00 UTC on 9 August, (E) 18:00 UTC on 9 August, and (F) 00:00 UTC on 10 August 2019 in the PBL1 experiment. The black dots indicating the
center of typhoon.

Frontiers in Earth Science frontiersin.org07

Duan et al. 10.3389/feart.2022.997925

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.997925


gradually accumulated. Since 06:00 UTC on 9 August, the

divergence of typhoon tracks gradually increase which is

apparent by the time of the landfall. As the track simulated by

PBL8 differs greatly from the observation, only the results from

CTL and other nine sensitivity experiments are analyzed here.

The simulated landfall locations by CTL, PBL1, PBL2, PBL4,

PBL9, and PBL10 are relatively close to the observation. The

landing locations in PBL3, PBL5, and PBL7 are more southward,

while those in PBL6 are more northward. At the moment of the

typhoon landfall, the maximum distance error is 110.5 km in

PBL3, while the minimum is 17.8 km in CTL.

After the landfall, the track errors in simulations are more

evident, which shows that the track over land is also sensitive to

the PBL parameterization scheme. The typhoon makes landfall

at 18:00 UTC on 9 August in CTL that is close to the

observation. It is to be noted that in PBL1, PBL4, PBL5,

PBL6, PBL7, and PBL10, the typhoon makes landfall at 21:

00 UTC on 9 August which is 3 h later the observation, while

the landfall time in the other four experiments is about 6 h later

than that observed.

All the numerical simulations capture quite well the variation

trends of MWS and MSLP (Figures 1B,C). The maximum 10-m

wind speed is used to define MWS in the simulations. The

exception is MWS and MSLP simulated by PBL8 that reaches

132 m s−1 and 676 hPa, which is thus not shown in the figure. The

tangential wind speed of the local scheme UW is much larger

than the other schemes, and the larger tangential wind continues

to strengthen the energy of the typhoon, so the intensity of the

typhoon simulated by PBL8 is too strong. Moreover, the low-

level convergence and high-level divergence of typhoon

simulated by PBL8 are the most significant, and vertical

ascent velocities is the largest, so typhoon intensity is stronger

than those of other experiments. We noticed that although MWS

in the PBL1 experiment is quite close to the observation during

the landfall, the simulated typhoon intensifies by about 8 m s−1

from 12:00 UTC to 21:00 UTC on 9 August just before the

landfall time in the experiment, while the observed MWS was

almost unchanged. In addition, the intensity of typhoon in

PBL1 slowly intensify after the landfall and maintains an

MWS of about 50 m s−1 6 h after the landfall. In general, the

simulated track and intensity in CTL are the closest to the

observation although this experiment underestimates the

intensity before the landfall.

4.2 Typhoon precipitation

The 6-h accumulated precipitation processes just before

and after landfall in the CTL experiment are shown in Figure 4.

The simulated precipitation distribution is close to that

observed (Figures 4A–C). At 12:00 UTC on 9 August just

before the landfall over Zhejiang, VWS in both simulation

and observation are orientated toward the northeast.

However, VWS has weakened to 2.6 m s−1 in the observation,

FIGURE 7
Radius–time evolution of the azimuthal-mean radial wind (shaded, unit: m s−1) and tangential wind (contour, unit: m s−1) at 1 km altitude in the
(A) CTL and (B) PBL1 experiment. The white areas denote missing data.
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while it is maintained at about 6.2 m s−1 in the simulation

(Figure 4D). During the landfall, VWS remains at 6.3 m s−1

in CTL (Figure 4E) but further decreases to 1.4 m s−1 in the

observation. In addition, unlike observation, VWS in CTL

remains orientated toward the northeast after landfall with a

magnitude of about 4.3 m s−1 Figure 4F). In other words, while

the simulated VWS is too strong in CTL, the asymmetric

distribution of rainfall maximum agrees well with the

observation.

Figure 5 shows the distribution of 6 h accumulated

precipitation simulated by the ten sensitivity experiments

during the typhoon landfall. The precipitation area simulated

by PBL8 (Figure 5H) is much larger than that observed and the

other nine sensitivity experiments (Figure 2E, Figures 5A–G, I–J),

presenting a more axisymmetrical distribution. The latent heat

flux simulated by PBL8 is much larger than that simulated by

other experiments, and the simulated typhoon intensity and

precipitation are the largest. In addition, the landfall time in

PBL8 is 9 h earlier than the observation. It can also be seen that

generally the precipitation distributions simulated in the

sensitivity experiments all display remarkable axisymmetry,

which differs largely from the observation.

The sensitivity experiment PBL1 adopts the YSU boundary

layer scheme, which is a common scheme in typhoon simulation

(Kepert, 2012). The 6 h accumulated precipitation processes just

before and after landfall in PBL1 experiments are further

compared (Figure 6). Before 06:00 UTC on 9 August, rainfall

distribution in PBL is similar to the CTL experiment, showing an

asymmetric distribution (Figures 6A–C). After that, the

distribution of precipitation in CTL maintains asymmetry

until the typhoon makes landfall (Figures 5D–F). Compared

to CTL, the precipitation in PBL1 turned more symmetric even

after the landfall (Figures 6D–F).

4.3 Further analysis of the CTL and
PBL1 experiments

4.3.1 Typhoon structure
Figure 7 shows the distributions of azimuthally averaged

tangential wind and radial wind near the top of the boundary

layer simulated by CTL and PBL1. In CTL, the average tangential

wind reaches 60 m s−1 before 09:00 UTC on 8 August, which then

weakens to about 55 m s−1 and remains 30–60 km from the

typhoon center. A double-eyewall structure appears from 06:

00 UTC on 9 August (Figures 7A, 8A,C), which has been

observed (Figure 3; Xu and Liang 2021; Dai et al., 2021). The

outer eyewall is 70–100 km from the typhoon center, with a wind

speed of about 55 m s−1 (Figures 7A, 8C). At about 12:00 UTC on

9 August, the inner eyewall is replaced by the outer one. After

landfall, the eyewall convection begins to weaken (Figure 7A). On

the other hand, the maximum average tangential wind in

PBL1 maintains at 60 m s−1 until about 15:00 UTC on

8 August and then weakens to 55 m s−1, and resides stably

about 30–60 km from the typhoon center (Figure 7B). At 06:

00 UTC on 9 August, the eyewall had already expanded outward

to 60–90 km from the typhoon center (Figure 8D), and after 6 h,

the average tangential wind strengthens to 60 m s−1 and begins to

shrink inward. The simulated typhoon makes landfall at around

FIGURE 8
Radius–height distribution of the azimuthal-mean tangential
wind (shaded, unit: m s−1) and radial wind (contour, unit: m s−1) at
(A,B) 12:00 UTC on 8 August 2019, (C,D) 06:00 UTC on 9 August
2019, and (E,F) at the landing time in the (A,C,E) CTL and
(B,D,F) PBL1 experiment. (G,H) as in (E,F) but for vertical velocity
(shaded, unit: 10–1 m s−1).
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21:00 UTC on 9 August, during which the eyewall contracts to

about 40–60 km from the typhoon center (Figure 7B). In

summary, the major difference between the two experiments

is that there is no double eyewall and eyewall replacement

simulated in PBL1, however, the single eyewall goes through

the process of expansion, strengthening, contraction, and

weakening after the landfall (Figures 7B, 8B,D,F).

Focusing on the secondary circulation, the maximum

inflow in CTL is about 60 km away from the typhoon center

and begins to weaken from 03:00 UTC on 8 August. With the

inflow (beyond 100 km from the typhoon center) beginning to

strengthen, the outer eyewall appears. During the typhoon

making the landfall, the maximum inflow reaches 10 m s−1

(Figure 7A). In PBL1, the maximum inflow is also located

on the outer side of the eyewall and begins to decrease. When

the inflow beyond 100 km strengthens, the eyewall expands

outward to 60–90 km from the typhoon center. After that, the

inflow further strengthens, reaching 12 m s−1 during the

landfall. During landfall, the inflow simulated in PBL1 is

larger than that in CTL (Figure 7B).

At the moment of landfall, the azimuthally average tangential

wind in the lower layer increases with height and reaches the

FIGURE 9
Time evolution of the vertical distribution of the azimuthal-mean diabatic heating (shaded, unit: K s−1) averaged within 200 km from the
typhoon center in (A) CTL and (B) PBL1. Radius–height distribution of the azimuthal-mean diabatic heating (shaded, unit: K s−1) at the landing time in
(C) CTL and (D) PBL1. The grey dotted line indicates the landing time.
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maximum near the top of the boundary layer (Figures 8E,F).

After that, the wind speed further decreased with the increase in

height. The maximum tangential wind in PBL1 is slightly larger

than that in CTL (60 m s−1 vs. 55 m s−1), and the location is also

closer to the typhoon center (40–60 km vs. 50–80 km). In

addition, the maximum tangential wind in the PBL1 over

50 m s−1 extends to a height as high as 4 km, while that in

CTL is below 2 km. In both experiments, the maximum

outflow near the eyewall is about 5 m s−1. It can be seen that

the outflow in PBL1 is much stronger and tilted outward, and

thus strong outflow speed extends outside 90 km from the center.

During the landfall, the eyewall in both CTL and PBL1 tilts

outward (Figures 8G,H). The maximum vertical velocity in CTL

(about 9 × 10−1 m s−1) appears at the height of 2–4 km around

60–90 km from the typhoon center. However, in PBL1, the eye

size is smaller about 30–60 km from the typhoon center, a nd the

maximum vertical speed exceeding 10 × 10−1 m s−1 extends up to

a height of 6 km.

4.3.2 Thermodynamic and water vapor factors
Figures 9A,B show the time evolution of diabatic heating

within a radius of 200 km from the typhoon center for the two

experiments CTL and PBL1. When typhoon Lekima reaches its

maximum intensity, the diabatic heating is also the highest that is

located at the height of 8 km. In CTL, the diabatic heating

decreases when the double-eyewall structure appears, however,

it increases again during the period from the replacement of the

eyewall to the landfall time. It is obvious that the diabatic heating

in PBL1 changes intermittently, similar to that in CTL. However,

the diabatic heating in PBL1 is higher than that in CTL during the

landfall (Figures 9C,D), which indicates enhanced convection

and is consistent with the intensification right before landfall in

this experiment (Figure 1).

During the landfall, the water vapor flux in CTL is mainly in

the northwest and southeast quadrant of the typhoon, with

maximum up to 12 × 10−4 kg m−2 s−1 (Figure 10A). The water

vapor flux in the coastal area north of Zhejiang is also relatively

larger, which is generally above 8 × 10−4 kg m−2 s−1. It is indicated

that the outer spiral rainbands concentrated on the north side of

the typhoon center simulated in CTL agree well with the

observation (Figure 3; Ao et al., 2022; He et al., 2021). While

in PBL1, the water vapor flux is axisymmetrically distributed.

Although the landing location is close to that in CTL, the water

vapor flux in the coastal area north of Zhejiang is relatively

smaller (Figure 10B).

4.3.3 Surface layer fluxes
Surface latent and sensible heat fluxes are the sources of

energy for TC intensification and are the primary physical

processes in the boundary layer (Li and Chen, 2005). Surface

momentum flux, on the other hand, is the sink of energy for TC

to weaken. Since the magnitude of sensible heat flux is much

smaller than latent heat flux, surface sensible heat flux

distribution is not analyzed here. Figures 11, 12 show the

surface latent heat and momentum fluxes from 12:00 UTC on

9 August to 00:00 UTC on 10 August 2019. It can be seen that the

FIGURE 10
850 hPa water vapor flux (shaded, unit: 10 g hPa−1 cm−1 s−1) at the landing time in (A) CTL and (B) PBL1. Black dots indicate the center of
typhoon. The blue box represents the coastal area north of Zhejiang.
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Revised MM5Monin–Obukhov surface layer scheme used in the

PBL1 experiment tends to generate larger latent heat and

momentum fluxes than CTL using the MYNN surface layer

scheme, especially southeast of the typhoon center. The higher

latent heat flux in PBL1 is conducive to intensification near

landfall and sustaining the intensity longer after landfall, which

has not been simulated in CTL. On the contrary, it can be seen

that the momentum flux in PBL1 over land is also larger than that

in CTL. Such larger momentum flux enables rapid dissipation on

10 August.

Figure 13A shows the time evolution of surface latent

flux within a radius of 200 km centered on the typhoon in the

CTL and PBL1 experiments, where a positive value indicates

that the surface flux is upward. In the first 3 h of the simulation,

FIGURE 11
Surface latent heat flux (unit: W m−2) during 12:00 UTC on
9 August 2019 to 00:00 UTC on 10 August 2019 from (A,C,E,G,I)
CTL, and (B,D,F,H,J) PBL1, at (A,B) 12:00 UTC on 9 August, (C,D)
15:00 UTC on 9 August, (E,F) 18:00 UTC on 9 August, (G,H)
21:00 UTC on 9 August, and (I,J) 00:00 UTC on 10 August 2019.

FIGURE 12
Surface momentum flux [unit:kg/(m s2)].during 12:00 UTC on
9 August 2019 to 00:00 UTC on 10 August 2019 from (A,C,E,G,I)
CTL, and (B,D,F,H,J) PBL1, at (A,B) 12:00 UTC on 9 August, (C,D)
15:00 UTC on 9 August, (E,F) 18:00 UTC on 9 August, (G,H)
21:00 UTC on 9 August, and (I,J) 00:00 UTC on 10 August 2019.
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the latent heat flux increases significantly. From then until

the typhoon makes landfall, although the simulated latent flux

varies with different PBL schemes, they all maintain relatively

large values. After the typhoon landfall, the latent flux

decreases significantly. The latent heat flux is positive over

both sea and land. The values of latent heat in PBL1 are

larger than those in CTL, which is consistent with the

simulated intensity (Figure 1). Also, the Revised

MM5 Monin–Obukhov in PBL1 promotes a faster

intensification rate before landfall, and produced the largest

momentum flux (3.06 kg m−1 s−2) at 21:00 UTC on 9 August,

followed by the MYNN2.5 (2.32 kg m−1 s−2) at 18:00 UTC on

9 August in CTL (Figure 13B). After the typhoon makes landfall,

the momentum flux decreases substantially.

4.3.4 PBL eddy diffusivity
Eddy diffusivity is a key parameter in PBL

parameterization schemes (Zhu, 2014; Zhu, 2019), which is

related to turbulent mixing. Some different behaviors of the

PBL schemes can be explained by the distribution of the eddy

diffusivity (Smith et al., 2014). PBL eddy diffusivity includes

eddy diffusivity for momentum (Km) and heat (Kh), and Kh

was computed from Km using the relationship of the Prandtl

number (Gopalakrishnan et al., 2013). This subsection

investigates the PBL eddy diffusivity during the typhoon

landfall period.

The distributions of Kh and Km are similar, thus, only that of

Km is examined here. Figure 14 shows the height–radius

distribution of azimuthally averaged Km from the CTL and

FIGURE 13
Time series of (A) surface latent heat flux (unit: W m−2), (B)momentum flux (unit: kg m−1 s−2), (C) friction velocity (unit: m s−1), and (D) boundary
layer height (unit: km) within 200 km from the typhoon center.
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FIGURE 14
Height–radius distribution of azimuthal-mean eddy diffusivity for momentum (unit: m2/s) from (A,C,E,G,I) CTL and (B,D,F,H,J) PBL1 at (A,B) 12:
00 UTC on 9 August, (C,D) 15:00 UTC on 9 August, (E,F) 18:00 UTC on 9 August, (G,H) 21:00 UTC on 9 August, and (I,J) 00:00 UTC on 10 August
2019. The y-axis is for height above ground (0 m). The white areas below the height of 2 km denote missing data.
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PBL1 experiments from 12:00 UTC on 9 August 2019 to 00:

00 UTC on 10 August 2019. Kmmainly concentrates below 6 km

in CTL, however, Km from the YSU scheme extends into the free

atmosphere in PBL1. In CTL, Km increases until the typhoon

makes landfall and weakens afterward. In PBL1, Km is generally

smaller in magnitude than that in CTL but has been increasing

even after the typhoon made landfall. The spatial distribution of

Km in PBL1 is likely related to the more extensive outflow

circulation shown in Figure 8.

4.3.5 PBL structure
The friction velocity increases before landfall and

decreases afterward, indicating that the turbulence intensity

changes from strong to weak (Figure 13C). The friction

velocity in PBL1 is larger than that in CTL, especially,

during the typhoon making landfall. Larger friction velocity

leads to stronger vertical momentum flux, which is consistent

with the variation of typhoon intensity. Different PBL

schemes correspond to different vertical diffusion

processes, which have different effects on the dynamic,

thermal structure, and intensity evolutions of the typhoon.

PBL heights simulated in the two experiments of CTL and

PBL1 are quite different (Figure 13D). In this study, the PBL

height is defined as the radial velocity being 10% of the peak

inflow (Zhang et al., 2011). The PBL height reaches over

500 m in the CTL after 6 h of simulation and remains at this

height until typhoon landfall. However, the PBL height

reaches about 400 m in PBL1 after 6 h of simulation and

remains until 12:00 UTC on 9 August. From 12:00 UTC on

9 August, the PBL height in PBL1 increases rapidly,

approaching 700 m at the time of landfall, which exceeds

in CTL. After the landfall, the PBL height in PBL1 is much

higher than that in CTL, reaching about 1 km, and gradually

decreases 24 h after landfall. A higher boundary layer

corresponds to stronger vertical mixing that can transport

the surface flux to a larger height, which provides energy for

the development of typhoons. This is likely related to the

longer sustained intensity during landfall in PBL1.

5 Conclusion and discussion

Typhoon Lekima’s precipitation distribution possessed

asymmetry both over the sea and after the landfall.

Moreover, typhoon Lekima had a concentric eyewall

structure before landfall and showed evident asymmetric

precipitation distribution. Numerical experiments are

conducted to investigate the sensitivity of boundary layer

schemes in simulating the asymmetric precipitation

distribution of typhoon Lekima. To a moderate degree, the

simulated track and intensity are sensitive to the choice of the

PBL scheme. The CTL simulation (with model configurations

in Table 1) well captures the development and asymmetric

distribution of precipitation, while the group of ten sensitivity

experiments has shown much more axisymmetric precipitation

distribution near landfall. Thus, in terms of asymmetry, the

simulated precipitation distribution seems to be less sensitive

to the different PBL schemes (albeit with quite different

spatial extent), however, the physics in CTL has captured

the appropriate processes for asymmetric precipitation

development.

The CTL and PBL1 experiments, which apply two of the

most popular PBL and surface layer schemes, simulate the

general trend in intensity change before landfall and similarly

show the different intensity and structural changes during

landfall. Therefore, these two experiments are further

compared in detail. It is found that the simulated typhoon has

experienced different evolutions before and during landfall. In

CTL, the double-eyewall structure is simulated well as observed

12 h prior to landfall. The eyewall replacement is completed 6 h

prior to landfall, accompanied by the weakening of the typhoon.

After that and until the typhoon makes landfall, MWS, and PBL

height remain unchanged. The asymmetric precipitation

associated with outer spiral rainbands concentrated on the

north side of the typhoon center during landfall is simulated

reasonably.

Comparatively, no double eyewall occurs in the

PBL1 experiment, while the radius of maximum wind

expands outward from 00:00 UTC on 9 August (21 h prior

to landfall), accompanied by the weakening of the typhoon.

After 12 h, the average tangential wind strengthens to 60 m s−1

and begins to shrink inward. Until the typhoon makes landfall,

MWS and PBL height increase rapidly, which is very different

from CTL. The precipitation distribution turned more

symmetric even as approaching landfall, which may be due

to the re-intensification before landfall in PBL1. The stronger

axisymmetric component associated with higher intensity

before landfall would be more resistant to vertical wind

shear. In addition, Dai et al. (2021) have analyzed the

mechanism for the asymmetry that developed in the outer

eyewall. Since there was no eyewall replacement simulated in

PBL1, the process of vortex Rossby wave propagation analyzed

by Dai et al. (2021) likely was not simulated well in the

experiment, which would affect the degree of precipitation

asymmetry too. Nevertheless, these processes must be further

studied to clarify. During landfall, the simulated spatial scale of

the typhoon core in PBL1 (eyewall at 40–60 km) is smaller than

in CTL (70–100 km). It might affect the TC rainfall distribution,

as newly concluded in an observational study by Yu et al. (2022)

that small inner-core TCs have higher intensity with higher

rainfall axisymmetry. After landfall, the precipitation

distribution becomes asymmetric while dissipating, which is

similar for CTL.

Diagnosis of boundary layer processes has been performed

to reveal the differences between CTL and PBL1. Surface layer

parameterization adopted by the PBL scheme determines the
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surface exchange coefficient and surface flux, and a larger

enthalpy flux leads to larger typhoon intensity. The Revised

MM5 Monin–Obukhov surface layer scheme used in the

PBL1 experiment tends to generate larger enthalpy fluxes

than CTL that uses the MYNN surface layer scheme. The

YSU PBL scheme in PBL1, having smaller eddy diffusivity,

larger friction velocity, and higher PBL height, simulates larger

radial inflow and tangential wind in the boundary and larger

updraft in the eyewall and thus higher typhoon intensity,

especially, noticeable before landfall. On the other hand, the

momentum fluxes in PBL1 are also higher, especially, over land

during landfall, enabling rapid dissipation in the model. These

results indicate that the model boundary layer schemes may

largely influence the typhoon intensity and structure including

the asymmetric rainfall distribution during landfall. However,

majority of the sensitivity experiments here do not simulate the

asymmetric precipitation properly and would affect the quality

of impact forecast such as in the case of typhoon Lekima.

Therefore, the complexity of the impacts of PBL processes

makes it necessary to study the influences of PBL

parameterization schemes on typhoon structural changes

based on more cases in the future.

In addition, since both microphysical and boundary layer

schemes could largely affect the precipitation processes in

simulation, six additional sensitivity experiments by six

microphysical schemes and a YSU scheme are also carried

out to investigate the possible effects of different

microphysical schemes on the typhoon asymmetric

precipitation simulation during landfall. The results of the

preliminary analysis indicate that microphysical schemes

also affect the simulated typhoon asymmetric rainfall

distribution during landfall. While the current study

focuses on the PBL schemes, the in-depth analyses of the

microphysics schemes will be continued in the second part of

the study.
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