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Abstract: The binary typhoon systems of Lekima and Krosa (2019) have been simulated using the
Weather Research and Forecast (WRF) model with 27 km, 9 km, and 3 km resolutions and their
behaviors of moist potential vorticity (MPV) in these simulations have been analyzed. All the
simulations clearly show that the main sources of instability energy include two parts of MPV—
the convective energy from the environmental field (MPV1) and the internal transferring energy
between the binary typhoons (MPV2). While typhoons absorb the convective energy from the upper
ocean through vortex effects on their periphery as the main external MPV sources, there is an MPV
conveying belt at the middle-low layer of the atmosphere in the binary typhoon system, transferring
energy between binary typhoons and causing atmospheric baroclinicity changes. While all three-
resolution simulations show the fundamental features of MPV and its transferring in the binary
typhoon system, the 3 km resolution cloud-resolving simulation yield more detailed and accurate
MPV structures inside the individual typhoon, which may have non-negligible feedbacks on the
background. Based on the comprehensive characteristics of MPV in binary typhoon interactions,
further understanding of the interactions of internal detailed structures inside typhoons and their
feedbacks on the background may provide a theoretical basis for improving the forecast of typhoon
intensity and track.

Keywords: moist potential vorticity; binary typhoon interactions; high-resolution model simulations;
typhoon intensity and track forecasts

1. Introduction

The typhoon is a strong convective system. The atmospheric disturbance on the sea
surface disturbance can rapidly develop and become stronger by absorbing energy from
the ocean and latent heat release during water vapor condensation (e.g., [1,2]). Due to the
complex mechanism of formation and development, it is difficult to use a single physical
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variable to fully represent a typhoon and understand the evolution process of its lifecycle,
such as vertical velocity, vorticity, or water vapor flux, etc. The moist potential vorticity
(MPV) combines the characteristics of dynamics and thermodynamics including water
vapor phase change [3], thus being a comprehensive physical variable to analyze convective
weather processes such as typhoons, which is widely used in real typhoons and heavy
rain diagnosis and forecasting (e.g., [4]). Based on the slantwise vorticity development
theory [3], analyzing the explosive growth of vorticity on the slantwise isentropic surface
within the MPV theory in weather forecasts were further developed [4–7]. Based on the
classical theory, the generalized MPV theory was further proposed by introducing the
condensation rate of water vapor [8–10], and latent heat release, as well as mass forcing in
the process of water vapor condensation [11,12]. The MPV theory has been continuously
improved and applied to different practical situations.

The MPV can characterize different physical properties, according to its barotropic
and baroclinic parts [13]. It can be used to locate the falling area of heavy rain [11,14] and
predict the moving path of the system [15,16], showing the evolution of intensity and the
influence of the environmental flow field [17–20]. The barotropic part of MPV represents
the change of convective energy, which can be used to diagnose typhoon degradation
caused by the propagation of disturbed vorticity at different levels of the atmosphere. In
the typhoon circulation, areas with strong instability energy and high baroclinicity (the
baroclinic part of MPV) may produce heavy rainstorms. In addition, MPV can represent air
masses with different cold and warm properties to describe the convections caused by the
convergence and exchange of air masses with different properties [17].

It could be of great importance to apply the MPV theory to a binary typhoon system to
study the interaction of typhoons. A binary typhoon system refers to a system composed of
two typhoons on the ocean at the same time, and their strength and paths could be affected
by mutual interactions. In such a system, different members generate mass and energy
exchanges through cyclonic vortices on the periphery [21,22]. Numerical experiments
and observational analyses show the existence of the interaction within a binary system
(e.g., [23]). The interactions are usually affected by the structure and strength of individual
and binary typhoons, as well as the environmental flow [24,25], and the relatively stronger
typhoon in the binary typhoon system dominates the pathway of weaker one [14,25]. Such
complexity makes the forecast of binary typhoons challenging [22].

With the advancement of modern geoscience and information technology, the represen-
tation of model resolution and physics is continuously improving. Using high-resolution
models, it becomes more applicable to simulate and predict the evolution of strength and
path of typhoons in operations. However, many important issues remain unclarified. For
example, given that a typhoon is a thermodynamical system in which moisture is deeply
involved, the internal interactions within a binary typhoon system in a view of moist
thermodynamics need to be further studied. How the detailed internal structures inside ty-
phoons interact with the environment is unclear. In addition, given that the typhoon genesis
is a result of air-sea interactions, developing a new comprehensive MPV-like quantity as the
precursor of typhoon genesis is both interesting and promising. Such a quantity includes
the composite properties of low atmosphere and upper ocean cross the air-sea interface.

As the first step, based on a few high-resolution simulations, this study applies the
MPV theory to investigate the structure of the Lekima and Krosa (2019) binary typhoon
system and tries to gain insights into the moist thermodynamics of binary typhoon systems.
A deep understanding of the interaction between the binary typhoons can improve the
predictability of the binary or even multiple typhoon system. After the introduction, the
three-resolution model configurations and experiment settings are given in Section 2. We
briefly summarize the MPV theory in Section 3 and describe the associated circulations and
weather processes of Lekima and Krosa in Section 4. The MPV diagnosis of the Lekima and
Krosa binary typhoon system is analyzed and discussed in Section 5. Finally, summaries
and discussions are given in Section 6.
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2. The Brief Description of the WRF Model and Experiment Setting

In this study, we take advantage of the Asia-Pacific (38◦ E–180◦, 20◦ S–60◦ N) high-
resolution coupled prediction (AP-RCP) systems [26] using the mesoscale numerical
Weather Research and Forecasting (WRF, v3.7.1) model, at three resolutions of 27 km,
9 km, and 3 km, for the MPV studies of Lekima and Krosa in 2019. The model configuration
has been detailed in Li et al. [26] and we only comment some relevant aspects to this
study. In brief, the physics options selected in this study include a Kain-Fritsch convec-
tion scheme [27], the Rapid Radiative Transfer Model for GCMs (RRTMG) longwave and
shortwave radiation scheme [28], the Yonsei University (YSU) scheme [29] for the planetary
boundary layer, a thermal diffusion land surface scheme and a WRF single moment (WSM)
3-class simple ice scheme [30] for microphysics, which provides a reasonable jet stream
and storm track pattern [26]. Particularly, for the simulations at grid spacings of 3 km, the
cumulus convection parameterization scheme is turned off. The detailed model settings
are listed in Table 1.

Table 1. The settings for the three-resolution simulations.

Settings 27 km (16S,63N) (38E,178E) 9 km (16S,63N) (38E,178E) 3 km (16S,63N) (38E,178E)

Grids 560×410 1676×1226 5026×3676

Longwave Radiation Rapid Radiative Transfer
Model (RRTMG) RRTMG RRTMG

Shortwave Radiation RRTMG RRTMG RRTMG

Cloud Microphysics WRF single moment 3-class
simple ice scheme (WSM3) WSM3 WSM3

Cumulus Convection Kain-Fritsch Kain-Fritsch No

PBL Scheme Yonsei University scheme
(YSU) YSU YSU

Vertical Levels 28 28 28
Time Steps 54s 18s 6s

The simulations span from the 5 to 15 August 2019, with the initial conditions at
00:00 on the 5 August 2019 from the atmosphere initial conditions of the AP-RCP system
produced by dynamically-downscaled weakly coupled data assimilation described in Li
et al. [26]. The WRF models are integrated from 00:00 on the 5 August to 18:00 on the
15 August.

3. The MPV Theory

The variables used in the analysis of MPV include wind vector, gravity acceleration,
vertical velocity, Coriolis parameters, relative humidity, geopotential height and wet poten-
tial temperature. The definition of potential vorticity implies the conservation in adiabatic,
frictionless dry air. The convection processes, particularly in the strong cases such as heavy
rain and typhoon, are often accompanied with complex water vapor phase transition and
a large amount of water vapor condensation, as well as the latent heat release. In this
case, the system no longer satisfies the condition of the potential vorticity conservation
of dry air. When the diabatic heating (excluding condensation, sublimation, and friction
effects) is not considered, the moist potential vorticity is conserved, and therefore the wet
potential temperature and moist potential vorticity are introduced to replace the potential
temperature and potential vorticity. In the actual calculation of moist potential vorticity, the
horizontal variation of atmospheric vertical velocity is ignored. According to the classical
MPV theory, the expression of moist potential vorticity in the isobaric surface (P) coordinate
system can be expressed as (also see [3]):

MPV ≈ −g(ζ+ f)
∂θe

∂p
+ g

(
∂v
∂p

∂θe

∂x
− ∂u

∂p
∂θe

∂y

)
(1)
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and

θe = θ(P, T) exp
(

Lq
CpTc

)
(2)

where g is gravity acceleration, ζ vertical vorticity, f Coriolis parameters, while u and v
are the zonal and meridional velocity, respectively. θ and θe are potential temperature and
wet potential temperature, respectively, while p is pressure, T and Tc are temperature and
dew-point temperature. L is the latent heat rate of water vapor condensation, q is specific
humidity, and Cp is the specific heat at constant pressure. Then, MPV can be decomposed
into two parts as MPV1 and MPV2:

MPV1 = −g(ζ+ f)
∂θe

∂p
(3)

MPV2 = g
(

∂v
∂p

∂θe

∂x
− ∂u

∂p
∂θe

∂y

)
(4)

In Equation (3), MPV1 represents the barotropic part of MPV, which is composed
of inertial stability term (ζ+ f) and convective stability term

(
−g ∂θe

∂p

)
. As pointed by

Wu et al. (1995), under normal conditions (ζ+ f) is positive when the atmosphere is
convective unstable ( ∂θe

∂p > 0), MPV1 is negative and represents convective instability
energy, conducive to the occurrence and development of convective events. If MPV1 < 0,
and (ζ+ f) < 0, it is inertially unstable, which is not conducive to convective motion. As
shown in Equation (4), MPV2 is the baroclinic part of MPV, consisting of contributions
from both atmospheric moist baroclinicity and vertical shear of the horizontal wind. Thus,
MPV2 is referred to as atmospheric wet baroclinicity. A negative value of MPV2 represents
atmospheric baroclinicity instability, while the negative amount of MPV2 can be referred to
as baroclinicity instability energy [3].

4. The Synoptic Background Associated with Lekima and Krosa
4.1. The Weather Conditions

The typhoon Lekima (2019) was the strongest Pacific typhoon that made landfall in
China and caused severe economic losses to most of the coastal provinces in the year. The
Lekima was born on the Philippine Ocean on 29 July 2019 as a low-pressure center and
developed into a typhoon on 7 August. It landed on the coast of Chengnan Town, Wenling
City, Zhejiang Province at 1:45 on the 10 August, where the lowest central pressure was
930 hPa and the maximum wind speed was 16 grades (52 m/s) [31]. The subsequent
northward movement of Lekima caused heavy precipitation to the passing provinces and
made a second landing in Qingdao, Shandong on the 11th, and eventually dissipated in
the Bohai Sea on the 15th. On 6 August, another typhoon, Krosa, on the tropical western
Pacific Ocean was upgraded from a tropical depression, indicating there was a binary
typhoon system generated, composed of double typhoons on the tropical western Pacific
Ocean at the same time. The strong intensity of the typhoon Lekima, a super typhoon, was
implicative of a complex mutual exchange of air mass and energy between these binary
typhoons. Thus, this study aims to examine the MPV of the binary typhoons, and elucidate
the characteristics in the binary typhoon system, as well as the possible interconnections
between the two typhoons in the system.

4.2. The Background Circulations and the Intensity of Typhoons Lekima and Krosa (2019)

The intensity and tracks of typhoons are affected by the movement and changes of
the subtropical high in the tropical North Pacific in the middle and upper atmosphere. To
better delineate the evolution of the moist potential vorticity in the binary typhoon system
and the interactions of binary typhoons, it is useful to first examine the environmental flow
at 500 hPa.
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The 500 hPa geopotential height during the period simulated at three different reso-
lution models are shown by contours in Figures 1–3. There are differences in the middle
and upper atmosphere among the three resolutions, i.e., the intensity and the associated
evolution of the 500 hPa subtropical high. Both the Lekima and Krosa are located in the
south of the tropical western Pacific subtropical high, where the Lekima is located south-
westward of the Krosa. The model flow shows that a low-pressure cyclone enters the Bohai
Sea of China from the 6th of August, causing the deformation of the west edge of the
subtropical high, with the west ridgeline gradually retreating eastward. The changes in
the shape of the subtropical high vary by spatial resolution. The intensity and position
of Krosa is modulated by the intensities of subtropical high, which may play a role in the
relative strength of the binary typhoons. As the spatial resolution increases, the simulated
intensity of the subtropical high decreases more slowly, causing the relative position of the
Krosa towards further south. The strength of Krosa is the strongest in the 3 km resolution
simulation (Figure 3).

The subtropical high is a planetary-scale circulation system, determining the balance
of the planetary-scale circulation systems and even impacting on the structure of climate.
However, the large-scale circulation is not entirely independent from the smaller-scale activ-
ities in the background circulation, due to the interactions of different scales. Compared to
the simulations at coarser spatial resolutions with the cumulus convection parameterization
turning on, the cloud-resolving simulations with 3 km resolution generate a more stable
subtropical high, especially at its far west part, further affecting the position and moving
speed of Krosa. Further, the typhoon path simulation of 3 km resolution is close to the
observation (Figure 4).

The intensity of the typhoons Lekima and Krosa simulated in three-resolution models
and corresponding observations are shown in Figure 5. From the change of surface pressure
at the typhoon center (Figure 5a,c) and maximum wind speed (Figure 5b,d), we can see that
the higher the spatial resolution is, the closer to the observations the simulation results are.
At the grid spacing of 3 km, the Lekima is stronger than the Krosa. When the grid spacing
is 9 km, the relative strength of the Krosa becomes stronger than Lekima in the early stage,
and weaker in the latter stage, whereas the opposite is true when the resolution is set as
27 km (Figure 5a,c). In the early days, the maximum wind speeds simulated by the models
were larger than the observations, but the results of 3 km resolution model are closer to
observation relatively. Although the simulation results are still not accurate compared to
the observed data, we can see that all three-resolution models accurately simulate typhoon
generation, and the higher resolution models simulate more accurate intensity and typhoon
tracks (Figures 4 and 5).
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Figure 1. 700 hPa MPV1 (color shaded) (unit: PVU (10−6 m2.s−1.K.kg−1)) and wind vector (arrows)
with the circulation background represented by 500 hPa geopotential height field (contours) (unit:
meter) in the 27 km resolution model forecast at 06:00 BJT from 6 to 11 August (panels a–f). The green
asterisks mark the satellite-observed positions of typhoon centers. The centers of Lekima and Krosa
are marked as “L” and “K”.
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Figure 2. Same as Figure 1, but for the model with the 9 km resolution.  Figure 2. Same as Figure 1, but for the model with the 9 km resolution.
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Figure 3. Same as Figure 1, but for the model with the 3 km resolution.  
Figure 3. Same as Figure 1, but for the model with the 3 km resolution.
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Figure 5. The surface pressure at the typhoon center and maximum speed of typhoons (a,c) Lekima
and (b,d) Krosa in the models with 27 km (blue), 9 km (yellow), and 3 km (grey) resolutions and
observed (red). The observation was taken from the typhoon website of China Meteorological
Administration (http://typhoon.nmc.www.cma.cn/web.html on 8 May 2021).
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5. MPV Analysis
5.1. Analysis of MPV as Convective Instability Energy

To examine the behavior of the first type of moist potential vorticity (MPV1), repre-
senting the large scale environmental convective instability, the horizontal distributions
of MPV1 over 700 hPa at 06:00 BJT during August 6th to 11th were displayed under three
spatial resolutions of 27 km, 9 km, and 3 km in Figures 1–3, respectively. The spatial
distributions revealed that in the large-scale background, relatively stable conditions con-
comitant with positive MPV1 were in the northern flank of the binary typhoon systems,
whereas the southern flank was towards the convective unstable conditions with warm
and humid air, as well as negative MPV1. It implied that the transport of water vapor from
the southern warm ocean was the important environmental source of external instability
convective energy for the binary typhoon system. The south of Krosa was full of vast ocean
surface areas where warm water vapor can continuously be pushed into the Krosa, thereby
enhancing the convective instability energy. The simulations with all three resolutions
imply a strikingly negative band over the peripheral MPV1 of Krosa. Along with the
increase of spatial resolution, the eastward retreatment of the subtropical high became
slower, inducing a slower movement of Krosa and more enhanced absorption of warm and
humid air from the environment, making the Krosa stronger. Meanwhile, the Lekima was
located further north relative to the Krosa in high-resolution modeling (Figure 4). From
the perspective of topographical conditions, considering the southwest coastline of China,
the west side of Lekima was over Taiwan, China, where the land topography inevitably
affected the source of water vapor transported from the ocean to the interior of Lekima. In
contrast, the Krosa was located southeastward, where rich warm and humid air conditions
were prone to trigger larger energy absorption.

In the simulations with the resolutions of 27 km and 9 km, there were a lot of warm
and humid water vapors being conveyed into the Krosa from the southern areas where
the values of MPV1 were negative (relatively unstable). The convective instability energy
distributed around individual typhoon systems appeared an asymmetric structure (see
Figures 1 and 2). The Krosa started to strengthen on the 9th, primarily caused by the
injection of the convective instability energy in the south. The transferring belt between
the Lekima and Krosa was then established. Figure 6 shows the flux of the negative MPV1
between Lekima and Krosa. The convective instability energy flow around an individual
typhoon was clockwise. In the simulations of 27 km and 9 km resolution models on the 8
and 9 August, at the intersection between the MPV1 fluxes of the two typhoons (marked
by red arrows in upper and middle panels of Figure 6), the instability energy moved from
the strong Lekima to the weak Krosa. From the 10th on, the Krosa became stronger than
the Lekima, and instability energy transferred inversely from Krosa to Lekima.

Unlike the 27 km and 9 km resolution cases, which showed a strong asymmetric
structure around a typhoon, the finer (3 km) resolution simulation displayed a more
“uniform” convective instability energy shaped as spiral clouds around individual typhoon
systems (lower panels of Figure 6). Such the typhoon spiral cloud system is closer to typical
satellite-observed typhoon cloud structure (see Figure 7). In the early period of the 6th–9th,
the Lekima in the 3 km-resolution simulations exhibited a stronger capability of acquiring
the convective instability energy from the environment than that from the other two coarser
resolutions, though the energy transferring between two typhoons became weaker after
the 9th in the 3 km (see color shaded in Figure 6).
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Figure 6. The vector (black arrows) and the norm (color shaded) of -MPV1×
⇀
V

(unit: 10−6 m3.s−2.K.kg−1) in the Lekima and Krosa binary typhoon system of three-resolution mod-
els at 06:00 BJT from 8 to 10 August (the negative values of MPV represent instability energy). The
centers of Lekima and Krosa are marked as “L” and “K”.

The differences of MPV structures among simulations at the three resolutions may
be attributable to the differences in convection schemes. For instance, the simulations at
27 km and 9 km grid spacings applied the cumulus convection parameterization scheme,
which characterized the fluid flows with grid-scale information, while at 3 km resolved the
cloud structure by directly computing the budget of cloud-associated quantities. Compared
with the satellite-observed positions of typhoon centers (green asterisks in Figures 1–3 and
Figure 4), it was clear that the finer resolution simulation at 3 km yielded the closest track to
the Lekima and Krosa, as well as the Radar, Echo image best fitting to the satellite-observed
cloud structure (compare Figure 7a–f to Figure 7g,h). Moreover, although the simulations
at all three resolutions capture well the spiral cloud structure of typhoons, only those at the
3 km resolution can reproduce the floccose structure at the tail of spiral clouds (compare
Figure 7e,f to Figure 7g,h). It seemed that the feedback effect of such detailed structures of
typhoon clouds to the background environment was helpful to simulate the background-
typhoon system more realistically, although the detailed subsequent impact on the typhoon
intensity and track still needs further studies.

In summary, in a binary typhoon system, except for main external sources of convective
instability energy from the environment, there was energy conveying between the binary
typhoons, i.e., one typhoon absorbing energy from the other through the spiral effect at their
periphery (Figure 6). In this process, the convective instability energy could be transferred
by the conveying belt. Our experiments showed that accurate simulation on such binary
interaction could help capture the relative intensity and track of typhoons, although the
driving force of such energy transferring is still unclear.
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the10 August 2019, and the corresponding satellite-observed cloud images (bottom panels g,h).

5.2. Baroclinic Diagnosis of MPV

The MPV2 represents the contribution of moist baroclinic instability of the atmosphere
to the moist potential vorticity. A large negative value of MPV2 indicates a strong baroclinic
instability of the atmosphere over the area. The time evolution of MPV2 distributions
at 700 hPa at three-resolution simulations is displayed in Figures 8 and 9. In the 27 km
resolution simulation, the MPV2 horizontal structure is similar to that of MPV1. The
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baroclinic instability distribution within the binary typhoon system has an asymmetric
spiral structure, and around the individual typhoon, the east side is stronger than the west
side. During the developing of typhoons, the baroclinic instability is strong, and it becomes
weaker during the weakening phase, and the asymmetric structure gradually vanishes.
However, from the 8th to 9th, there exists strong baroclinic instability energy transfer-
ring from the Lekima to Krosa (see Figure 8), shared by the 9 km resolution simulation
(Figure 9a,b). Similar to the characteristics of convective instability energy, the baroclinicity
instability distribution in the 3 km resolution simulations appears more “uniform” around
the individual typhoon. Generally, the cloud-resolving scheme enhances the capability of
individual typhoons retrieving energy from the environment and weakens the continuous
energy transferring between binary typhoons (compare Figure 9c,d to Figure 9a,b).

It is obvious that the MPV conveying belt not only transports convective instability
energy between the binary typhoons but also modulates the relative strength of baroclinic
instability of the two typhoons. Unlike the source of MPV1-represented convective instabil-
ity energy mainly from the environment and transferrable between binary typhoons, our
results showed that the changes of MPV2-represented baroclinicity only was completed
through internal transferring processes between binary typhoons and occurred mainly in
the lower atmosphere. When the results of 3 km resolution simulation were compared to
the results of 9 km or 27 km resolutions (compare Figure 9c,d to Figure 9a,b and Figure 8),
we can see the higher the model resolution was, the weaker the baroclinic instability energy
transferring between the binary typhoons. Given that the 3 km resolution simulation
exhibited the best fitting to the satellite-observed cloud distribution (see Figure 7), it was
worth further investigating the overestimation of the parameterized cloud scheme on the
interaction of binary typhoons and its influences on the typhoon structure and intensity in
the future studies.

5.3. Analysis of Vertical Structures of Wet Potential Temperature

The distribution of wet potential temperature (θe) may reflect the motions of moist air.
In the discussions above, we analyzed the characteristics of MPV in the binary typhoon
system at the low atmosphere. To display a three-dimensional picture, we further examine
the vertical structure of wet potential temperature to examine the vertical energy trans-
ferring. Vertical structures of θe and vertical velocities simulated by the three-resolution
models from the 6th to 11th, 2019 are shown in Figures 10 and 11. At each time, the vertical
structure is shown in the p-longitude vertical section crossing the Lekima typhoon center.

The vertical structure of θe clearly shows the structure of the typhoon cloud wall at
the typhoon center. The typhoon centers are always located in the middle of the steepest
isentropic surfaces (θe curves), which appear nearly orthogonal to the surface, showing
strong baroclinicity. The convective motions in the models with 27 km and 9 km resolutions
show strong asymmetry at both sides of typhoon centers (see Figures 10 and 11a,c,e),
where the stronger ascending motions occurred at the left-hand side from the 6th to 8th.
After the 9th, with the establishment of the MPV conveying belt in the binary typhoon
system, instability energy started to transfer between the Krosa and Lekima, reducing the
difference of instability energy on both sides of the typhoon center, and the convective
activities and baroclinicity of atmosphere on the right-hand side gradually increased,
forming dense θe lines on the right-hand side of the typhoon center. The instability energy
of Lekima originated mainly from the low atmosphere, where the main source of water
vapor exhibited a strong release of latent heat condensation. As time forwarding, by
absorbing the warm and humid air from the ocean, the gradient of θe below 700 hPa
increased, resulting in increased convective instability energy. With simulations at 3 km
resolution without cumulus convection parameterization, the internal instability energy
distribution around the typhoon center was more uniform (see Figure 11b,d,f). The cloud-
resolving physics showed small horizontal scale convection activities characterized by
strong vertical penetration.
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Figure 8. MPV2 (color shaded) (unit: 0.1PVU) and geopotential height field (dashed lines) (unit: 

meter) on the 700 hPa isobar under the 27 km resolution forecast model at 06:00 BJT from 6 to 11 Figure 8. MPV2 (color shaded) (unit: 0.1PVU) and geopotential height field (dashed lines)
(unit: meter) on the 700 hPa isobar under the 27 km resolution forecast model at 06:00 BJT from
6 to 11 August(panels a–e). The green asterisks mark the satellite-observed positions of typhoon
centers. The centers of Lekima and Krosa are marked as “L” and “K”.
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Figure 9. Same as Figure 8, but for the models with the 9 km (panels a,b) and 3 km (panels c,d)
resolutions at 06:00 BJT of 8 and 9 August, respectively.

Figure 12 summarizes the three-dimensional (3D) structure of the MPV simulated
at the three resolutions, with the corresponding vertical velocity distribution along the
latitude of two degrees north of the Lekima typhoon center. Consistent with the horizontal
distribution of MPV and the vertical distribution of θe analyzed before, the 3D structure
showed that there is a connection between the two typhoons of the binary system in the
whole troposphere by an MPV conveying belt, particularly strong above 700 hPa. This
can be comprehended as relatively large-scale convection instability associated with water
vapor transport occurring at the lower troposphere, while the subsequent baroclinicity
instability occurred commonly at the low-middle, even middle-high, troposphere, where
the strongest typhoon wall typically was observed. The previous analysis on the vertical
structure of the typhoon wet potential temperature showed that the convection of the
Lekima was concomitant with strong penetrating, which may even extend to the upper
troposphere. It absorbed water vapor from the surface ocean to obtain energy, causing
the air masses in the middle and lower layers to be more moist with higher humidity,
where the low-level MPV transported upward, through the internal transferring effect of
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the typhoon. The vertical distributions of vertical velocities showed that the transferring
belt between the two typhoons is the combined effect of the upper and lower atmospheres,
where convective energy can be transported among layers in different altitudes through
vertical motions. The high-level flow field showed that the transport from the high-level to
the low-level was affected by the high-level high-pressure system. The 3D MPV conveying
was a combination of high-level flow field and low-level water vapor transport. When the
spatial resolution was enhanced, the 3D MPV structure inside the typhoon was improved
so that the description on the thermodynamical characteristics of the atmosphere associated
with typhoon movement and intensity was more realistic.
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Figure 10. Distributions of wet potential temperature (solid lines) (unit: K) and vertical velocities
(shading) (unit: 10−2 m/s) in the vertical-latitude longitude section along the latitude of the Lekima
center (marked by “L”) in the 27 km resolution model at 06:00 BJT from 6 to 11 August (panels a -e).
The centers of Lekima and Krosa are marked as “L” and “K”.
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Figure 12. The three-dimensional horizontal cross-sections of total MPV (color-shaded) in the (a,b)
27 km, (c,d) 9 km, and (e,f) 3 km resolution models at 06:00 BJT of the 8 August (left panels a,c,e)
and 9 August (right panels b,d,f). The contours (color-shaded) in the vertical section are the vertical
velocities (total MPV). For the convenience of visualization, the vertical section was chosen to be
located at the north of typhoon centers.
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Finally, as a summary of analyses above, we plot a conceptual model in Figure 13.
There exist two major external sources of convective instability energy for the binary
typhoon system. One is the injection of water vapor from the warm ocean surface (lower
part of Figure 13), the other is the instability energy transferred from the strong one to the
weak one of the binary typhoons, exchanging the atmospheric baroclinicity between the
two typhoons in the binary system (middle part of Figure 13).
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represents negative values. The green curves represent the evaporation of water vapor on the surface
of the warm ocean and the blue arrows represent the transfer of instability energy.

6. Discussion

One of the limitations of this study is that only one case is applied. In this case, the
distance between binary typhoons is very close, so the energy transferring belt between
the binary typhoons can be identified. To apply this study to actual operational forecasts
in the future, more cases need to be examined. In addition, the MPV studies in the binary
typhoon system shall be extended to more general cases, including three or more typhoon
systems. In this way, a better theoretical basis for advancing our understanding of the
mechanisms of typhoon formation, movement, and intensification can be established to
enhance the accuracy of typhoon forecasting.

Generally, typhoons are the result of air-sea interactions. MPV is a composite quantity
that combines dynamics and thermodynamics properties of the atmosphere, both of which
govern the behavior of the compressible fluid. Therefore, the diagnostic analysis of MPV
could be an excellent tool to understand the formation, movement, and intensification of
typhoons. Particularly, typhoon genesis involves a complex configuration of atmosphere
and surface ocean conditions (e.g., [32]). It is difficult to identify the conditions of typhoon
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genesis from the single side of atmosphere or ocean-alone conditions. For monthly-scale
extended-range predictions, developing a new comprehensive MPV-like quantity is very
interesting and promising, which includes the composite properties of the atmosphere
and upper ocean cross the air-sea interface as the precursor of typhoon genesis in a high-
resolution coupled prediction system. In addition, in a view of coupled data assimilation,
at the air-sea interface, due to different time scales between the atmosphere and ocean,
it is very difficult to directly assimilate atmosphere (ocean) observations into the ocean
(atmosphere) using cross-covariance between the atmosphere and ocean. Developing a
new coupled data assimilation scheme in an MPV-like space may be a good idea to pursue
more balanced and coherent incorporation of coupled models and measured data, and
improve the initialization of high-resolution coupled models, which could be an important
research topic in the future.

7. Summary

Based on the simulations of WRF model at three-resolutions (27 km, 9 km, and 3 km),
this study analyzes the behavior of moist potential vorticity (MPV) of a binary typhoon
system, consisting of typhoons Lekima and Krosa (2019). The results established the
following findings:

(1) The Krosa can greatly affect the west ridgeline of the West Pacific subtropical high
and thus exert a great impact on the track of Lekima, critically determining its turning
point toward the northeast. Since simulations at different spatial resolutions perform
differently in the accuracy of reproducing the interaction between the Krosa and
subtropical high, the finer resolution model has a much higher forecast skill on the
track of Lekima.

(2) The simulated instability energy appears as an asymmetric structure around a typhoon
center at 27 km and 9 km resolution simulations, consisting of prominent parameter-
ization characteristics, such as the entrainment of large-scale convective instability
energy from the environment in the south. The 3 km resolution model simulates a
more uniform and realistic instability energy distribution inside a typhoon system.

(3) There exist an MPV conveying belt in the binary typhoon system at the middle-low
atmosphere, which transfers the instability energy and exchanges the atmospheric
baroclinicity between the binary typhoons.

The vertical structure of the typhoon wet potential temperature shows that the high-
energy convective instability concentrates between two centers of high wet potential
temperature, where the isentropic surfaces appear nearly orthogonal to isobaric surfaces,
representing the strong baroclinic region. While the simulations with cumulus parameteri-
zation indicate large-scale vertical motions, the results with the cloud-resolving scale show
small horizontal scale convection activities accompanied by strong vertical penetration.
The three-dimensional spatial distributions of MPV simulated at three spatial resolutions
show that results at the finer resolution yield more accurate structures of typhoon interior
and improved track of typhoon. Particularly, the finer resolution at 3 km can reproduce
the floccose structure at the tail of spiral clouds. Further studies are required to clarify the
feedbacks of more accurate details of typhoon interior structure and the background field
so that both typhoon track and intensity forecasts can be improved.
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