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ABSTRACT

The accurate forecasting of tropical cyclones (TCs) is a challenging task. The purpose of this study was to investigate
the effects of a dry-mass conserving (DMC) hydrostatic global spectral dynamical core on TC simulation. Experiments
were conducted with DMC and total (moist) mass conserving (TMC) dynamical cores. The TC forecast performance was
first evaluated considering 20 TCs in the West Pacific region observed during the 2020 typhoon season. The impacts of the
DMC dynamical core on forecasts of individual TCs were then estimated. The DMC dynamical core improved both the
track and intensity forecasts, and the TC intensity forecast improvement was much greater than the TC track forecast
improvement. Sensitivity simulations indicated that the DMC dynamical core-simulated TC intensity was stronger
regardless of the forecast lead time. In the DMC dynamical core experiments, three-dimensional winds and warm and moist
cores were consistently enhanced with the TC intensity. Drier air in the boundary inflow layer was found in the DMC
dynamical core experiments at the early simulation times. Water vapor mixing ratio budget analysis indicated that this
mainly depended on the simulated vertical velocity. Higher updraft above the boundary layer yielded a drier boundary layer,
resulting in surface latent heat flux (SLHF) enhancement, the major energy source of TC intensification. The higher DMC
dynamical core-simulated updraft in the inner core caused a higher net surface rain rate, producing higher net internal
atmospheric diabatic heating and increasing the TC intensity. These results indicate that the stronger DMC dynamical core-
simulated TCs are mainly related to the higher DMC vertical velocity.
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Article Highlights:

* Both the predicted TC tracks and intensities are improved with the DMC dynamical core.

* The improvement in the TC intensity forecasts is much greater than that in the TC track forecasts.

* The TC intensity obtained with the DMC dynamical core is stronger, which is mainly related to the simulated vertical
velocity.

1. Introduction

The accurate forecasting of tropical cyclones (TCs) is a
challenging task (Cangialosi et al., 2020; Rogers, 2021).
Over the last decades, numerical forecasting of TC tracks
has attained notable progress. However, little progress has
been achieved in TC intensity forecasting (Emanuel, 2000;
Emanuel et al., 2004; Sun et al., 2019; Cangialosi et al.,
2020; Schaffer et al., 2020). The difficulties in predicting

* Corresponding author: Weimin ZHANG
Email: wmzhang104@139.com

TC intensity can be attributed to its complexity. TC intensity
variation can be affected by various external processes [e.g.,
sea surface temperature (SST) and environmental vertical
shear] and internal processes (e.g., spiral rainbands and sur-
face heat fluxes) (Vigh, 2018; Hendricks et al., 2019; Tang
et al., 2020). However, the conversion between water cate-
gories in the above spiral rainbands is very important
because this phenomenon is related to mass continuity, pres-
sure tendency, and vertical velocity equations (Gu and Qian,
1991; Qiu et al., 1993; Lackmann and Yablonsky, 2004).
But they are neglected in most global numerical models
(Neale et al., 2012; Wedi et al., 2015).
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A reasonable approximation of the governing equations
of numerical modeling systems constitutes a vital step to
ensure the accuracy of the TC intensity forecasting for numeri-
cal models (Rogers, 2021). Since the governing equations
of models are approximations of actual physical laws, these
approximate equations can limit the predicted phenomena
(Lorenz, 1960; Byun, 1999; Dudhia, 2014; Bauer et al.,
2015). In most global models, such as the Integrated Forecast
System (IFS) developed by the European Centre for
Medium-Range Weather Forecasts (ECMWF) (Wedi et al.,
2015) and the Community Atmosphere Model (CAM) of
the National Center for Atmospheric Research (NCAR)
(Neale et al.,, 2012), the mass of the total moist air is
assumed to be conserved in the derivation of the mass continu-
ity equation. As a result, pressure tendency, mass continuity,
and full pressure vertical velocity equations do not consider
the effects of the addition or removal of moist species when
there is precipitation or evaporation. However, Gu and Qian
(1991) proposed that precipitation mass sinks cannot be over-
looked in heavily precipitating systems. Qiu et al. (1993)
and Lackmann and Yablonsky (2004) suggested that the addi-
tion or removal of water vapor resulting from evaporation
or precipitation could considerably influence the TC dynam-
ics, resulting in a stronger TC intensity characterized by heav-
ier precipitation. Moreover, the physical processes associated
with hydrometeor production and conversion in rainbands
could significantly affect TC structure and intensity changes
(Wang, 2009; Li and Wang, 2012; Li et al., 2014; Vigh,
2018; Hendricks et al., 2019; Tang et al., 2020). Diabatic heat-
ing (cooling) in inner rainbands, the region within a radius
of approximately 2-3 times the radius of maximum wind
(RMW) (Wang, 2009), could increase (decrease) the TC inten-
sity (Li et al., 2014). Evaporation in inner rainbands exerts
negligible effects on TC intensity variation, while evaporation
in outer rainbands leads to less intense TCs (Li et al., 2015).
It could be that the effect of an inaccurate description of the
vertical velocity in the precipitation area leading to convective
heating in inner rainbands is limited, which may be one of
the reasons why the intensity of strong TCs is underestimated
(Yan et al., 2016; Bloemendaal et al., 2019). In addition,
total-moist air conservation could result in false compensation
by a sink (source) of dry air upon evaporation (precipitation)
occurrence (Bott, 2008; Lauritzen et al., 2018; Malardel et
al., 2019; Peng et al., 2020).

Recently, Peng et al. (2020) developed a dry-mass con-
serving (DMC) hydrostatic global spectral dynamical core
in a general moist atmosphere. After rigorous derivation
based on inherent mass conservation of dry air, the pressure
tendency, full continuity and full pressure vertical velocity
equations all considered the effect of water vapor addition
or removal. Then, they conducted an idealized TC experi-
ment, which revealed that the TC-like storms simulated
with the DMC dynamical core were more intense, compact,
and concentric and much more in line with the results of
other global models. However, they did not evaluate the
impact of the DMC dynamical core on numerical forecasts
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considering real TC cases nor did they provide a complete
physical explanation for why the TC simulated by the DMC
dynamical core is stronger. Thus, this study is aimed to verify
the above finding based on observed TCs and formulate a pos-
sible explanation.

Given the high potential of the DMC dynamical core to
enhance the TC intensity forecast skill, it is of great interest
to explore the mechanism of the possible improvements in
DMC-aided TC intensity forecasts. This paper is organized
as follows: Section 2 describes the DMC and the total
(moist) mass conserving (TMC) dynamical cores and
presents an overview of the experimental configurations.
Statistics are given in section 3. Section 4 provides a case
analysis, including a brief description of the case and experi-
ments, and interprets the numerical simulation results.
Finally, conclusions and a discussion are contained in
section 5.

2. Dynamical cores and

configurations

experimental

2.1. DMC dynamical core

The DMC dynamical core employed in this paper was
developed by Peng et al. (2019, 2020), and the following
description of the DMC dynamical core is derived from the
aforementioned study with minor modifications. To ensure
that the dry air mass is conserved, the DMC hydrostatic
global spectral dynamical core was developed in dry-mass
vertical coordinates (17g-coordinates, i.e., hybrid terrain-fol-
lowing coordinates based on the dry hydrostatic pressure).
The mass continuity equation for the dry air density can be
expressed as follows:

0 (')ﬂ'd aﬂ'd 0 an'd dl]d
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where 714 is the dry hydrostatic pressure and u is the horizontal
wind vector.

After integrating the above mass continuity equation
[Eq. (1)] from the atmosphere top (14 =0) to the surface
(74 = 1), the tendency equation of the surface dry hydrostatic
pressure mgs can be obtained as follows:

aﬂ'ds ! (97Td
L= [ v (—u|dy,. 2
ot J(; (3%”) nd @

The full pressure vertical velocity w(r4) in dry-mass verti-
cal coordinates can be rigorously derived as follows:

drm "Id on,
w(ﬂd)=d—td +j(; (—Qta—njv'u)dﬂﬁ
1
[ sk
o \Oma  Omq

" Oy (dgy
— | —|dnq, 3
fo and( )an, ()



466

where g, = gy +¢qc +¢q; +--- and the subscripts t, v, ¢, and r
denote the total mixing ratio, water vapor mixing ratio,
cloud water mixing ratio, and rainwater mixing ratio, respec-
tively, for any constituent other than dry air. Please refer to
Peng et al. (2019, 2020) for more details.

2.2. TMC dynamical core

If the total mass is conserved, according to Malardel et
al. (2019), the continuity equation in moist-air vertical coordi-
nates (n-coordinates) can be written as follows:

0 (on on o0 (. or
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where 7 is the moist hydrostatic pressure and 7 = dn/dz is

the generalized vertical velocity. The corresponding tendency
equation for the surface moist hydrostatic pressure 7y is:
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The full pressure vertical velocity w(1) can be calculated
as follows:

dr g 0
w(n):Ez—fo V(a—;;u)dn+uV7r (6)

2.3. Difference between the DMC and TMC dynamical
cores

As reported in Malardel et al. (2019), if we assure that
dry air is conserved in n-coordinates, the above continuity
equation [Eq. (4)] can be rewritten as follows:
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where S, is the change in the total water.

The surface pressure tendency equation [Eq. (5)] can be
rewritten as follows:
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The full pressure vertical velocity equation [Eq. (6)]
can be rewritten as follows:

1 or T
w(n)z—f V-(—u)dn+u-V7r+f Swdr.  (9)
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The obvious differences between the DMC and TMC
dynamical cores are that the change in the total water is con-
sidered in the continuity equation, surface pressure tendency
equation and full pressure vertical velocity equation.

2.4. Experimental configurations

The Yin-He Global Spectral Model (YHGSM; Wu et
al.,2011; Yangetal.,2017; Yin et al., 2018, 2021) developed
by the College of Meteorology and Oceanography at the
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National University of Defense Technology (NUDT) was
employed in this study. Originally, the dynamical core
employed in the YHGSM is a TMC hydrostatic core. Based
on the work of Peng et al. (2019, 2020), the DMC hydrostatic
global spectral dynamical core was applied in the YHGSM.
To illustrate the effect of the DMC dynamical core on TC
forecasts, numerical simulations using the DMC and TMC
dynamical cores were conducted with the same physics pack-
age, including Weather Research and Forecasting (WRF) sin-
gle-moment 5-class (WSMS5) scheme (Hong et al., 2004)
updated with an additional prognostic equation of the cloud
fraction (Forbes et al., 2011; Forbes and Tompkins, 2011),
new Tiedtke cumulus parameterization scheme (Zhang and
Wang, 2017), the rapid radiative transfer model for general
circulation model applications (Mlawer et al., 1997; Tacono
et al., 2008), and University of Washington turbulent kinetic
energy (or TKE) boundary layer scheme (Bretherton and
Park, 2009). The same initial conditions retrieved from
YHGSM analysis data were used to reduce the impacts of ini-
tial conditions on TC forecasting (Wang et al., 2020). A
T 1279L137 resolution was used, and the integration time
step was A= 600 s. The SST was maintained constant during
model integration.

3. Statistics

To assess the overall performance of the DMC dynamical
core in TC track and intensity forecasting, TC track and inten-
sity forecasts were evaluated for all 20 TCs observed in the
West Pacific region during the 2020 typhoon season (1 May
to 31 October) in each of the three intensity classifications.
Here, the TC center along the track was determined with the
Geophysical Fluid Dynamics Laboratory (GFDL) Vortex
Tracker (Marchok, 2021) (GFDL-VT). Please refer to the
user manual for additional details (Biswas et al., 2018). Best
track data were obtained from the Shanghai Typhoon Institute
of the China Meteorological Administration (CMA; https://
tcdata.typhoon.org.cn/zjljsjj_zlhq.html; Ying et al., 2014;
Lu et al., 2021). TC simulations initialized at 0000 UTC at
24-h intervals were included in the statistics. The mean TC
track and intensity forecast errors are shown in Fig. 1. In
regard to the mean overall TC track errors, the mean overall
forecast errors of the DMC dynamical core were slightly
smaller than those of the TMC dynamical core at most forecast
times, with an overall TC track forecast error reduction of
no more than 4% over the 24-72-h forecast periods and 6%
—7% over the 96—120-h forecast periods (Fig. 1al). In terms
of the mean overall intensity forecast errors, notably lower
biases were observed for the DMC dynamical core than for
the TMC dynamical core at all forecast times, with the small-
est reduction of 17% at 96 h and the largest reduction of 35%
at 120 h (Fig. 1a2). Regarding the track errors in the three
intensity classifications, the track errors were similar to the
mean overall track error over the 24-96-h forecast periods, i.
e., the track errors of the DMC dynamical core were slightly
smaller (or slightly larger) than those of the TMC dynamical
core, except for the greatest deterioration (improvement) of
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18.5% (20.7%) in the tropical storm (typhoon) intensity at
120 h. In terms of the intensity errors in the three intensity
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classifications, the DMC dynamical core typically achieved
an improvement with the largest reduction of 52.6% at

all TCs (a2)

Intensity error(m/s) Intensity error(m/s)

Intensity error(m/s)

Intensity error(m/s)

all TCs

14

10 -

8 4

6 4

4 4

2 4

0 h T T T T

24h(58) 48h(42) 72h(27) 96h(19) 120h(13)
Forecast time
tropical storm

9
8 BETMC =DMC
7
6
5
4
3 p
2 p
14
0 T : : :

12

(= S A e

24h(15) 48h(8) 72h(3) 96h(2) 120h(2)

Forecast time

typhoon

sTMCDMC

Ll

24h(28) 48h(21) 72h(13) 96h(8) 120h(4)

Forecast time

super typhoon

aTMC=DMC

24h(15) 48h(13) 72h(11) 96h(9) 120h(7)

Forecast time



468

120 h and the smallest reduction of 12.8% at 96 h in the tropi-
cal storm intensity. In general, the DMC dynamical core
attained satisfactory prediction ability regarding TC track
and intensity, and the DMC dynamical core performed
much better in terms of the predicted intensity than the pre-
dicted TC track.

4. Case analysis

4.1. Super Typhoon Maysak (2020) and experiments

4.1.1.  Super Typhoon Maysak (2020)

To better understand the impacts of the DMC dynamical
core on TC position and intensity forecasting, an individual
TC case was analyzed. As such, Super Typhoon Maysak
(2020) was chosen. Maysak (2020) originated east of Luzon
Island in the Philippines and was categorized as a TC at
approximately 0700 UTC on 28 August 2020. After 0300
UTC on 29 August 2020, Maysak (2020) moved northward
and gradually intensified. At approximately 2100 UTC on
31 August, Maysak (2020) reached its strongest state with a
central sea level pressure (SLP) of 930 hPa and a maximum
wind speed of 52 m s~! and was categorized as a super
typhoon by the CMA. Subsequently, Maysak (2020) moved
northeastward and weakened to a certain degree. Later, this
TC made landfall on the coast of South Kyongsang
Province, South Korea, at approximately 1730 UTC on 2
September with a maximum wind speed of 42 m s~! and
then continued northward to enter Jilin Province, China, at
0540 UTC on 3 September. Maysak (2020) caused at least 1
death and 19 injuries.

4.1.2.  Numerical experiments

Two simulations, denoted as DMC (using the DMC
dynamical core) and TMC (using the TMC dynamical core),
were initiated at 0000 UTC on 30 August 2020. Several sensi-
tivity experiments, including the aforementioned DMC and
TMC experiments, are summarized in Table 1. The simula-
tions which initialized at 0000 UTC on 29 August 2020 and
continued to 0000 UTC on 31 August 2020 at 24-h intervals
were considered to examine the sensitivity of the numerical
simulation results to the forecast lead time.

4.2. Maysak (2020) track and intensity simulations

The simulated track and intensity of Maysak (2020)
with the DMC dynamical core (solid colored lines) and
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TMC dynamical core (dashed colored lines) for different fore-
cast lead times were compared to the acquired TC best track
data (solid black lines), as shown in Fig. 2. Overall, the general
track evolution behavior is reasonably simulated with both
the DMC and TMC dynamical cores. The DMC simulation
experiment more consistently yielded suitable track predic-
tions than those obtained in the TMC simulation experiment.
However, the simulated tracks retrieved from both the DMC-
24 h and TMC-24 h experiments with an early initialization
time exhibited an eastern bias during most of the simulation
period, even though the track errors of the DMC-24 h experi-
ment were smaller than those of the TMC-24 h experiment.
The tracks indicated no remarkable differences between the
DMC+24 h and TMC+24 h experiments with no obvious
bias during most of the simulation period compared to the
best track data, even for the later forecast lead time (not
given). Consequently, the DMC dynamical core outper-
formed the TMC dynamical core in numerically simulating
the Maysak (2020) track.

In contrast, in terms of the intensity of Maysak (2020),
there were no obvious differences during the first few hours.
The largest difference between the DMC and TMC dynamical
cores is the change in total water in the continuity equation,
and Eq. (9) includes an additional term associated with the
total water; consequently, the initial vortex obtained with
the DMC scheme spins up more rapidly than that obtained
with the TMC scheme. Therefore, upon TC intensification,
the differences between the DMC and TMC dynamical
cores become increasingly significant. And landfalling TCs
were sharply weakened in the DMC experiments. The TMC
dynamical core produced much lower intensities of the mini-
mum SLP and near-surface wind speed than those produced
by the DMC dynamical core in all numerical simulations
(Fig.2). These results confirmed the conclusions based on
the above earlier idealized TC test (Peng et al., 2020).
Although three simulations using the DMC dynamical core
generated more intense TCs than the observations at approxi-
mately 1200 UTC 2 September (Fig. 2), which may be a
result of the higher SST (not shown), they all successfully cap-
ture the evolution of the TC intensity. Overall, compared to
the TMC dynamical core, the DMC dynamical core produced
better simulation results in terms of the TC track and inten-
sity. The above results indicate that the DMC dynamical
core is important in model development for TC forecasting
purposes, especially to improve the TC intensity forecasting
skill, which is consistent with the statistical conclusions.

Table 1. Model configurations for the numerical simulation experiments.

Experiments Dynamical core Simulation period
DMC-24 h DMC dynamical core 0000 UTC 29 Aug—0000 UTC 4 Sep
TMC-24 h TMC dynamical core 0000 UTC 29 Aug-0000 UTC 4 Sep

DMC DMC dynamical core 0000 UTC 30 Aug—0000 UTC 4 Sep
TMC TMC dynamical core 0000 UTC 30 Aug—0000 UTC 4 Sep
DMC+24 h DMC dynamical core 0000 UTC 31 Aug-0000 UTC 4 Sep
TMC+24 h TMC dynamical core 0000 UTC 31 Aug—0000 UTC 4 Sep
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4.3. Structure of the simulated TCs

The above sensitivity experiments indicated that regard-
less of the forecast lead time, the DMC dynamical core
could improve strong TC intensity forecasts by producing
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Fig. 2. (a) Observed best tracks (black) retrieved from the
CMA and simulated tracks obtained with the DMC (solid
colored lines) and TMC (dashed colored lines) dynamical
cores of Typhoon Maysak (2020) starting at different times, (b)
similar to (a) but for the minimum sea level pressure (hPa), and
(c) similar to (b) but for the maximum surface winds (m s1).
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much more intense TCs. To interpret the improvement in
TC intensity forecasts with the DMC dynamical core, the dif-
ferences between the DMC and TMC simulation experi-
ments, covering the period of Maysak (2020) intensification
and development, were investigated. Therefore, the DMC
and TMC simulation experiments were further compared.

Figure 3 shows snapshot plan views of the mean SLP
and 10-m surface winds at 12 h, 42 h, and 84 h. At 12 h, the
mean SLP did not notably differ between the DMC and
TMC experiments, but a slightly higher 10-m surface wind
speed with a slightly intense upward motion (Fig. 4)
occurred in the area north of the TC in the DMC simulation.
Over time, these differences increased until the largest values
were reached at 84 h. At 84 h, both simulations attained
their strongest state, but the DMC simulation yielded a
much lower mean SLP (Figs. 3c1—c2), much higher 10-m sur-
face wind speed (Figs. 3c1-c2), and much more intense
upward motions than those obtained in the TMC simulation
(Figs. 4c1-2).

Height-radial plots of the azimuthally averaged winds
at 84 h are shown in Fig. 5. By determining three-dimensional
winds (Fig. 5), both simulations were shown to capture the
typical structures of real TCs: radial outflow at the upper
level, radial inflow at the lower level, and slantwise upward
motion. The slantwise upward motion with an average peak
intensity of 6 hPa s~! at 710 hPa in the DMC simulation was
obviously stronger than that in the TMC simulation with an
average peak intensity of 2 hPa s~! at 850 hPa. In the DMC
simulation, stronger outflow occurred in the upper tropo-
sphere and was more evident than the low-level radial
inflow. The maximum tangential velocity in the DMC simula-
tion at approximately 1 km above the surface was higher
than that in the TMC simulation, and the radius of the maxi-
mum tangential velocity was smaller.

Figure 6 shows time-height Hovmoller plots of the
azimuthally and radially averaged perturbation temperature.
The mean temperature averaged over the 550-650-km annu-
lus was defined as the environmental temperature, similar to
Stern and Nolan (2012). In both experiments, the perturbation
temperature was the highest from 400-250 hPa (8-10 km),
but the height of the middle-level maximum perturbation tem-
perature did not vary much except for lowering to approxi-
mately 400 hPa (7 km) from 96-108 h. In addition to this pri-
mary maximum, a low-level maximum and a third maximum
were found in the DMC experiment at 600 hPa (4 km) during
the simulation period and below 900 hPa after 12 h, respec-
tively, while these second and third maxima occurred in the
TMC experiment after approximately 48 h. However, the
height of the warm core did not correspond to the TC intensity
(Stern and Nolan, 2012), but the strength of the warm core
was generally well-correlated with the TC intensity (Ma et
al., 2013). During the TC intensification period (0-84 h),
the warm cores steadily strengthened over time, and the
warm cores in the DMC simulation were notably stronger
than those in the TMC simulation for all middle and low-
level maxima.

The equivalent potential temperature (EPT, 6.), derived
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from the first law of thermodynamics and exhibiting conserva-
tion properties, attains a close relationship with TC evolution
(Ma et al., 2013). Following Bolton (1980), the EPT can be
obtained as follows:

3.376
6. = fexp [( T

L

- 0.00254) x q(1+0.00081¢)|, (10)

where 6 is the potential temperature and Tpand g are the
lifted temperature and water vapor mixing ratio, respec-
tively. Figure 7 shows height-radius cross sections of the
EPT at different times in the DMC (Figs. 7al-dl) and
DMC-TMC simulation experiments (Figs. 7a2—d2). The
EPT steadily increased over time, and the altitude of the
higher EPT value in the DMC simulation, compared to that
in TMC simulation, at the storm center deepened over time.
Notably, in the boundary layer, the EPT in the DMC simula-
tion was lower than that in the TMC simulation within a
radius of more than 50 km at earlier times (Fig. 7a2), indicat-
ing that the energy in the boundary layer in the DMC simula-
tion was lower than that in the TMC simulation. The differ-
ence in the EPT (Figs. 7a2—d2) was similar to the difference
in the water vapor mixing ratio (Figs. 7a4—d4). This finding
indicated that the change in the EPT was mainly determined

by moist processes. The early lower EPT in the boundary
layer in the DMC simulation (Fig. 7a2) was mainly caused
by the lower water vapor mixing ratio in the boundary layer
(Fig. 7a4).

The temporally and azimuthally averaged temperature
difference between the DMC and TMC simulation at the dif-
ferent times (Figs. 7a3—d3) and the water vapor mixing ratio
difference (Figs. 7a4—d4) are also shown in Fig. 7. At 6 h,
there occurred a distinctly positive temperature difference
centered at an altitude of 600 hPa with a radius of 110 km
from the TC center. The warm core heights in the DMC and
TMC simulations reached 330 hPa and 600 hPa at this time
(Fig. 6). Corresponding to the temperature difference, at a
height of 950 hPa in the storm center, there existed a moist
core center. The upper level at the storm center was drier.
The warmer and moister cores in the DMC simulation deep-
ened over time, which was beneficial to TC development. It
should be noted that there occurred a much drier boundary
inflow layer in the DMC simulation at earlier times, which
did not seem beneficial for supplying moisture to the upper
eyewall region.

The surface latent heat flux (SLHF) is the major energy
source of TC intensification (Wang and Xu, 2010; Ma et al.,
2015). The SLHF can be computed as follows:
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SLHF = pL,CqUa(gs — ga) = pPLyCqUaAq (11) " Jatent heat of vaporization, C is the surface exchange coefti-
is the air density in the surface layer, L, is the cient for moisture, U, is the horizontal wind speed at the low-
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est model level, Ag = ¢gs—q., and g5 and g, are the water
vapor saturation mixing ratio at the SST and the water
vapor mixing ratio at the lowest model level, respectively.
The obtained SLHFs are shown in Fig. 8. Without ocean
feedback, the SST remained constant and the same in both
simulations. According to Eq. (11), although there occurred
a much drier boundary inflow layer in the DMC simulation
at earlier times, this resulted in a higher SLHF. The temporal
variation in the SLHF demonstrated that the DMC simulation
yielded higher SLHFs than those obtained in the TMC simula-
tion and considerably higher values than those obtained in
the TMC simulation after 48 h, which contributed to the
DMC simulation producing a stronger TC than the TMC simu-
lation.

4.4. Budget of the water vapor mixing ratio

At early times, the air at altitudes from 900 hPa to 300 hPa
in the eye region and the air in the boundary inflow layer
were distinctly drier, while the air at altitudes from 950 hPa
to 500 hPa in the eyewall region, located just below the
height of the warm core, became moister in the DMC simula-
tion. At later times, the air in the DMC simulation was
warmer and moister than that in the TMC simulation. To
determine the reason for the water vapor mixing ratio differ-
ences between the DMC and TMC simulations, the
azimuthal-mean tangential water vapor mixing ratio budget
equation was further analyzed and the budget equation can
be written as follows (Ma et al., 2013):

9g _(__oa) (94
ot _( u@r)+( Wb‘z)+
— u/aq/"_‘i%_ ,% +
or r 04 0z
(E-C+F) (12)

The four terms on the right-hand side capture horizontal

advection (denoted as HADYV), vertical advection (denoted
as VADV), eddy advection (denoted as EDDY), and diabatic
processes (denoted as DISS), as defined in Ma et al. (2013).

At early times, each term of Eq. (12) was integrated
from O h to 6 h, and the budget results of the DMC and
DMC-TMC simulations are shown in Fig. 9. Equation (12)
was integrated forward at time steps of 60 min. The g, ten-
dency term in the eyewall region was nearly positive, indicat-
ing that g, increased. Negative radial inward advection was
mainly observed in the boundary inflow layer. The positive
VADV term covered a large area, while the EDDY term
largely attained negative values in the eyewall region. The
DISS term attained considerably negative values but was
approximately offset by the positive VADV term. Compared
to the TMC simulation, ¢, vertical advection in the eye
region at altitudes from 900 hPa to 350 hPa, in the eyewall
region at an altitude of 600 hPa and in the boundary inflow
layer was lower in the DMC simulation, while ¢, vertical
advection in the eyewall region at altitudes from 950 hPa to
450 hPa was largely higher in the DMC simulation. The dif-
ferences in the HADV and EDDY terms between the DMC
and TMC simulations were almost the same. Since the pri-
mary differences in g, were smaller in the boundary inflow
layer and in the eye region at altitudes from 900 hPa to
300 hPa and larger in the eyewall region at altitudes from
950 hPa to 500 hPa, by examining the g, tendency due to
each term from 0—6 h, the results indicated that vertical advec-
tion played a major role.

From 4248 h, radial inward advection, upward advec-
tion, and the DISS term became much stronger in the DMC
simulation, especially the VADV term. Similar to the 0-6-h
forecast periods, the VADYV term was responsible for the posi-
tive tangential g, tendency and the differences between the
DMC and TMC simulations (Fig. 10).

The VADV term difference between the DMC and
TMC simulations at 6 h and 48 h is shown in Fig. 11. The
difference in the VADV term was similar to that in w
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Fig. 7. Height-radius cross sections of the temporally and azimuthally averaged EPT (K) in (al-d1) the DMC simulation at
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(Figs. 12a and 12d), and the differences in the VADV term
were mainly determined by w. These results suggested that
the moister area in the eyewall region (drier boundary
inflow layer at early times) determined in the DMC simulation
was probably the result of enhanced (inhibited) updraft.

4.5. Vertical velocity and rainbands

The significant difference between the DMC and TMC

dynamical cores is the change in total water in the continuity
equation. The full pressure vertical velocity and surface pres-
sure tendency equations in the DMC dynamical core
include another term associated with the total water, as men-
tioned in section 2.3. However, there was no difference in
the surface pressure at early times (Fig. 2b), but the air in
the DMC simulation was warmer and moister than that in
the TMC simulation (Fig. 7). Water vapor mixing ratio budget
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analysis indicated that vertical motion played a major role.
In addition, rainbands impose critical effects on TC intensity
changes (Wang and Wu, 2004; Li and Wang, 2012; Li et al.,
2014; Hendricks et al., 2019; Tang et al., 2020). Therefore,
the TC vertical velocity and rainbands are further examined
to explain the pronounced improvement in TC intensity fore-
casts using the DMC dynamical core in this section.
Azimuthal-mean cross sections of vertical motion and
the azimuthal-mean two-hourly surface rain rate simulated
with the DMC dynamical core at the different times are
shown in Fig. 13. It is evident that the upward motion in the
eyewall region increased over time, as shown in Fig. 4. The
surface rain rate was clearly a response to the upward
motion in the eyewall region and inner rainbands. The heavi-
est precipitation occurred at the location of the maximum ver-
tical velocity in the inner rainbands. At the early time (6 h),
although the surface rain rate in the eyewall region was
slightly higher in the DMC simulation (Fig. 12a), the vertical
velocity in the eyewall region was higher in the DMC simula-
tion. Upward motion facilitated the release of latent heat,
thereby playing an accelerating role in the growth of the
inner rainbands. As a result, the vertical velocity in the
DMC simulation increasingly exceeded that in the TMC simu-
lation, and the surface rain rate in the eyewall region
increased over time (Figs. 12, 14, and 15). The higher surface
rain rate inside the inner rainbands in the DMC simulation
(Figs. 12, 14, 15, and 16) suggested higher net internal atmo-
spheric diabatic heating within the inner core (Wang, 2009),
as the average perturbation temperature was higher in the
DMC simulation than in the TMC simulation (Fig. 6). Internal
atmospheric diabatic heating could warm the atmospheric col-
umn and lower the surface pressure (Wang, 2009). There-
fore, the higher inner rainband heating in the DMC simula-
tion could increase the pressure gradient across the RMW
(Fig. 16), requiring a stronger tangential wind to balance
and thus produce a stronger TC intensity (Figs. 2b and c).

5. Conclusions and discussion

In this study, the TC simulation performance of a DMC
hydrostatic global spectral dynamical core (the DMC dynami-
cal core) was investigated and compared to that of a total

(moist) mass conserving dynamical core (the TMC dynamical
core). The TC forecasts were first evaluated against 20 TCs
observed in the West Pacific region during the 2020
typhoon season. To better understand the impacts of the
DMC dynamical core on TC position and intensity predic-
tion, one TC case was examined.

As expected, both the tracks and intensities were
improved with the DMC dynamical core. However, the
improvement in the intensity forecasts was much greater
than that in the TC track forecasts, with the TC track forecast
error reduction being no more than 7% and the intensity fore-
cast error reduction being at least 17% for all TCs. In the
three intensity classifications, the track errors of the DMC
dynamical core indicated the largest deterioration of 18.5%
in the tropical storm intensity at 120 h, while the intensity
forecast errors of the DMC dynamical core indicated the
smallest reduction of 12.8% in the tropical storm intensity.

The distinct differences in the TC intensity, track, and
structure between the DMC and TMC dynamical cores were
consistent with those reported in a previous study of idealized
TC test cases (Peng et al., 2020). Although the TC tracks
slightly differed for the later forecast lead time, with both sim-
ulations yielding tracks largely coinciding with the observed
tracks, the predicted TC tracks for the early forecast lead
time obtained with the DMC dynamical core exhibited
smaller absolute errors than those obtained with the TMC
dynamical core. The TC intensity produced with the DMC
dynamical core was higher for all forecast lead times and
much closer to the observed TC intensity. In general, the
DMC dynamical core was important in model development
for TC forecasting purposes, especially to improve the pre-
dicted TC intensity.

The DMC dynamical core also profoundly impacted
the storm structures. The three-dimensional winds, warm
cores, and moist cores were consistently enhanced with the
storm intensity. At early simulation times (0-6 h), although
the minimum SLP in the DMC simulation matched that in
the TMC simulation, the air above the boundary layer and
in the boundary inflow layer contributed to notably positive
and negative moisture differences, respectively, and the eye-
wall air in the DMC simulation above the boundary layer
was warmer and moister. As the storm developed, the DMC
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24, 48, 60, and 72 h) in the DMC-TMC simulation. The dashed

simulation yielded a lower minimum SLP, and the eyewall
air in the DMC simulation became much warmer and
moister. The azimuthal-mean tangential water vapor mixing
ratio tendency budget was calculated to explore the possible
reasons for this result. The vertical advection process was
identified as playing a key role. As a result, more upward-
moving moist air originating from the low-level region was
transported into the higher troposphere, and the updraft-
induced adiabatic warming was consequently enhanced; there-

line in each panel denotes the 0 mm h-! surface rain rate.

fore, the eyewall air above the boundary level was moister
and warmer. The drier boundary layer simulated by the
DMC dynamical core at an early time, leading to an
increase in the SLHF, the major energy source of TC intensifi-
cation, was mainly caused by the increased updraft above
the boundary level. In addition, the surface rain rate repre-
sented a response to upward motion. The surface rain rate in
the eyewall region was higher in the DMC simulation, as
the vertical velocity in the DMC simulation was higher than
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Fig. 13. Same as in Fig. 12, but for the DMC simulation.
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that in the TMC simulation. The higher surface rain rate
within the inner rainbands in the DMC simulation indicated
higher net internal atmospheric diabatic heating inside the
inner core, which could warm the atmospheric column and
lower the surface pressure (Wang, 2009). Therefore, the pres-
sure gradient across the RMW increased, and the tangential
winds also increased and thus produced a stronger TC inten-
sity.

These results indicated that the change in total water in
the dynamical core was not negligible and exerted a notable
effect on TC deepening. Although both the full pressure verti-
cal velocity and surface pressure tendency equations in the
DMC dynamical core include an additional term associated
with the total water, the minimum SLP in the DMC simulation
matched that in the TMC simulation from 0-6 h, but the
DMC simulation yielded warmer and moister cores than the
TMC simulation. The water vapor mixing ratio budget analy-
sis results revealed that the vertical velocity played a major
role. In addition, the vertical velocity and surface rain rate
(net internal atmospheric diabatic heating) in the eyewall
region were higher in the DMC simulation than in the TMC
simulation. Internal atmospheric diabatic heating in the
inner rainbands could increase the intensity. Therefore, the
stronger TC intensity in the DMC simulation could be
attributed to vertical motion.

Nevertheless, this work only focused on the performance
of the DMC dynamical core in TC simulation. The DMC
dynamical core improved TC forecasts, especially the TC
intensity. The performance of the DMC dynamical core in
heavy rain event forecasting should be investigated.
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