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Abstract: A high-resolution simulation with the Weather Research and Forecasting (WRF) model is
performed to investigate the characteristics of the horizontal kinetic energy (HKE) spectra of an eastward-
moving southwest vortex (SWV) generated in Sichuan Province, China, during 16-19 June 2011. The
results indicate that the evolution of the SWV can be divided into the development, mature, and decay
stages. In the troposphere, the HKE spectrum reproduces the typical atmospheric spectrum, with a
slope of approximately —3 for wavelengths greater than 300 km and —5/3 for wavelengths between
300 and 30 km in each stage. The average scale of spectral transition is around 300 km. However, the
HKE spectrum in the lower stratosphere shows a —5/3 slope at mesoscales and has no clear spectral
transition. During the mature stage of the SWYV, the HKE increases prominently for wavelengths
between 300 and 30 km. Moreover, the relative contribution of the rotational kinetic energy (RKE)
and the divergent kinetic energy (DKE) was investigated. It shows that the RKE spectrum dominates
the DKE spectrum for wavelengths greater than 300 km in the lower troposphere, while in the upper
troposphere the magnitudes of RKE and DKE are comparable over all scales. However, in the lower
stratosphere, the DKE is an order of magnitude larger than the RKE, contributing more to the total
HKE spectrum.

Keywords: southwest vortex; numerical simulation; horizontal kinetic energy spectrum

1. Introduction

Rainstorm occurrence can be regarded as a process involving the propagation, accumu-
lation, and release of atmospheric energy. The transformation of different forms of energy
in the atmosphere and the transfer of energy at different scales are directly related to the
development of rainstorm systems and changes in rainstorm intensity [1]. Many previous
studies have examined the mechanism of rainstorms from an energy perspective [2-5]. The
mesoscale vortex system typically generated in southwest China in the lower troposphere
below 700 hPa is known as the southwest vortex (SWV). The SWV, characterized by a
horizontal scale of 300-500 km on weather charts at 700 and 850 hPa, is an important
weather system that directly causes severe regional rainstorms, and its eastward movement
also produces heavy precipitation in the Yangtze River Basin [6]. The development of SWV
is closely related to the transformation and transmission of energy. The distribution of the
kinetic energy spectra of the SWV is essential in elucidating the development mechanisms
of the SWV and rainstorms.

Researchers have been intrigued to conduct observational and theoretical studies of
atmospheric mesoscale kinetic energy spectra for decades. The horizontal kinetic energy
(HKE) spectrum displays spectral segments of a —3 slope at the synoptic scale and a
—5/3 slope at the mesoscale over wavelengths of <500 km [7,8]. In early studies, there
were two different views of the theoretical interpretation of the mesoscale HKE spectrum,
involving a downscale energy cascade of weakly nonlinear inertial gravity waves [9], or
an upscale energy cascade of strongly nonlinear quasi-two-dimensional stratified turbu-
lence [10]. The former mechanism has been confirmed in theoretical studies including
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quasi-geostrophic (QG) [11], surface QG [12], and anisotropic three-dimensional strati-
fied [13] turbulence. Using the third-order structure function law of Kolmogorov [14], Koch
et al. [15] investigated the relationship between gravity waves and turbulence. The results
are consistent with Kolmogorov theory applicable to the inertial subrange, namely, that
the sense of the energy cascade is predominantly due to gravity wave activity affecting
the transfer of HKE from the large to small scales at which turbulence occurred. Lu and
Koch [16] analyzed the same dataset and identified a narrow region at 0.7-1.0 km horizontal
wavelength where an inverse energy cascade resulted from the upscale transfer of HKE
associated with Kelvin-Helmholtz instability and the nonlinear development of small-scale
gravity waves, which led to the generation of turbulence. Regarding strongly convective
systems such as rainstorms, the feedback effect of latent heating of condensation means
that the enhancement of mesoscale energy by an upscale energy cascade cannot be ignored.
Decaying convective clouds and thunderstorm anvil outflows provide such small-scale
energy sources [17].

High-resolution numerical simulations provide favorable means of elucidating the
evolution of energy spectra. With the rapid development of numerical models, the global
atmospheric models [18] and the regional models [19] have successfully reproduced the
mesoscale energy spectrum and its spectral transition characteristics. Much research is
based on the idealized simulation of weather systems such as the baroclinic wave [20-23],
Meiyu front [24], convective cloud [25], and tropical cyclone (TC) [26], describing the
different characteristics of related mesoscale energy spectra. In an idealized baroclinic
wave simulation with moist convection, Sun et al. [27] found a distinct transition of the
HKE spectrum at a scale of ~400 km, while the HKE spectrum in their dry experiment
retained a mesoscale slope of —3 in the upper troposphere. However, the HKE spectrum
for an idealized TC has an arc-like shape in the troposphere and a quasi-linear shape in
the stratosphere with a —5/3 slope for wavelengths of <500 km [26]. Convective systems
can also generate mesoscale HKE spectra with a —5/3 slope at all altitudes, from the
troposphere to the lower stratosphere [25]. These studies suggest that different weather
systems have different spectral transition characteristics and spectral slopes. Moreover, the
contributions of rotational kinetic energy (RKE) and divergent kinetic energy (DKE) spectra
to the total HKE spectrum were also analyzed in these studies. These studies concluded
with the general result that the HKE spectrum is dominated by the RKE spectrum in the
troposphere due to convective vortices, while in the lower stratosphere the magnitude of
DKE is greater than that of RKE, with gravity waves being the primary signals there [25,26].
Hamilton et al. [28] used a high-resolution model to investigate the mesoscale HKE spec-
trum and found that the evolution of the tropospheric HKE spectrum is related to mesoscale
activity accompanied by changes in precipitation intensity.

The HKE spectrum has been increasingly recognized by model developers as an
effective tool for testing the performance of numerical models. Skamarock [19] used the
HKE spectrum to evaluate the effective resolution of the Weather Research and Forecasting
(WRF) model and found that its effective resolution is seven times the horizontal grid
distance. Zheng et al. [3] evaluated the HKE spectral characteristics of the Global/Regional
Assimilation Prediction System (GRAPES) model and found that it replicates well the
mesoscale —5/3 spectrum, with its effective resolution being five times the horizontal
grid distance. These complex numerical models of the atmosphere enable analyses of the
dynamic mechanisms that generate the mesoscale —5/3 kinetic energy spectrum.

In this study, the WRF model was used to simulate an eastward-moving SWV and its
accompanying rainstorm process. The distribution and evolution of the HKE spectrum
were investigated using the results of high-resolution simulations. The SWV process and
the numerical simulation are introduced in Section 2, and the characteristics of the HKE
spectrum in different stages of the SWV are analyzed in Section 3. A discussion is presented
in Section 4. Finally, the conclusions are given in Section 5.
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2. Numerical Simulation
2.1. Overview of the Southwest Vortex

During the 2011 Meiyu season in China, a rainstorm occurred within the Yangtze
River Basin, and the rainfall area moved eastward with the eastward movement of a SWV.
Figure 1 shows the distribution of the geopotential-height field, wind field at 700 hPa, and
12 h accumulated precipitation at 12 h intervals from 0000 UTC 17 to 0000 UTC, 19 June
2011. The observed precipitation data represent an hourly gridded precipitation dataset
from automated station measurements in China and CMORPH (the Climate Prediction
Center Morphing Technique) analysis, with a horizontal resolution of 0.1° x 0.1°. The
National Centers for Environmental Prediction (NCEP) reanalysis dataset provided the
wind and geopotential-height fields with a horizontal resolution of 1° x 1°.
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Figure 1. Geopotential heights (solid blue lines, unit: gpm), wind vectors (unit: m s~1) at 700 hPa,
and 12 h accumulated precipitation (shading, unit: mm) at (a) 0000 UTC, 17 June, (b) 1200 UTC,
17 June, (c) 0000 UTC, 18 June, (d) 1200 UTC, 18 June, and (e) 0000 UTC, 19 June 2011.

At 0000 UTC, 17 June (Figure 1a), an SWV was generated in the eastern part of
the Sichuan Basin with the vortex system centered at (31° N, 106° E). The southeast
coast of China was dominated by the Western Pacific subtropical high, and there was
a southwesterly wind between the SWV and the subtropical high, with rainfall on the
southern and northern sides of the SWV. At 1200 UTC, 17 June (Figure 1b), the SWV
moved eastward with the circulation character remaining largely unchanged, and with
rainfall occurring in the east of the SWV and banded rainfall appearing to the north of the
subtropical high. At 0000 UTC, 18 June (Figure 1c), the SWV continued to move eastward
to Hubei Province, with strong wind shear on the eastern side of the SWV and the northern
side of the subtropical high. A band of rainfall occurred along the shear line. A northeast-
southwest rain belt appeared on the southwestern side of the SWV. At 1200 UTC, 18 June
(Figure 1d), the SWV moved to the east of 114 °E, north of the subtropical high, which
shifted southward. Strong wind shear formed in the area southward of the SWV and
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immediately northward of the subtropical high, with a band of rainfall strengthening
along the shear line. At 0000 UTC, 19 June (Figure le), as the SWV continued to move
eastward over the East China Sea, the rainfall on its southern side moved slightly southward,
appearing mainly on the southern side of the SWV after 1200 UTC, 18 June. The circulation
underwent an adjustment with the eastward movement of the SWV. The shear on the east
side of the SWV combined with shear on the northern side of the subtropical high. The
pattern of the rainfall also changed from a circular area to a banded distribution.

2.2. Numerical Experiment

A two-way nested numerical experiment with three domains was performed using
the WRF model version 3.6 to simulate the evolution of a SWV. The domains had 30 vertical
layers from the surface to 50 hPa, and horizontal grid spacing of 36 km, 12 km, and 4 km
with 107 x 144,195 x 273, and 261 x 450 grid points in horizontal domains, respectively,
as shown in Figure 2. Physical parameterization schemes included the Morrison double-
moment microphysics scheme, the rapid radiative transfer model for general circulation
models (RRTM) longwave radiation transfer scheme [29], the Dudhia shortwave-radiation
transfer scheme [30], and the Kain-Fritsch cumulus parameterization scheme [31]. Initial
and lateral boundary conditions were derived from the NCEP reanalysis dataset with a
horizontal grid spacing of 1° x 1°. The model was integrated for 60 h from 1200 UTC,
16 June to 0000 UTC, 19 June, with hourly output in the innermost nested domain. The
time steps for the integration of the model from the outer to inner domain were 180 s, 60 s,
and 20 s.
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Figure 2. Model domains. Shading denotes the topography (units: m).

Figure 3 shows simulation results for the geopotential-height field, wind field at
700 hPa, and 12 h accumulated precipitation per 12 h from 0000 UTC, 17 June to 0000 UTC,
19 June in the innermost nested domain. The simulation of the SWYV, subtropical high, and
precipitation are fundamentally consistent with the actual situation (Figure 1), although
with slightly heavier precipitation. In terms of precipitation range and vortex structure, the
SWYV scale is ~300 km.
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Figure 3. As in Figure 1, except for the geopotential heights (solid blue lines, unit: gpm), wind vectors
(unit: m s~1) at 700 hPa, and 12 h accumulated precipitation (shading, unit: mm) of the WRF model
output at (a) 0000 UTC, 17 June, (b) 1200 UTC, 17 June, (c) 0000 UTC, 18 June, (d) 1200 UTC, 18 June,
and (e) 0000 UTC, 19 June 2011.

Using the quantitative verification method considering aspects of the structure, ampli-
tude, and location of precipitation forecast (SAL) [32], the 12 h accumulated precipitation
per 12 h from 0000 UTC, 17 June to 0000 UTC, 19 June was verified (Figure 4). For the
SAL evaluation method, the value L has the most important indicative function, with
lower values of L often indicating higher probability of accurate rain prediction; the value
A is secondary, and the value S has relatively little indicative function. The values of L
from 0000 UTC, 17 June, to 0000 UTC, 19 June, are <0.5, while those at 1200 UTC, 17 June;
0000 UTC, 18 June; and 1200 UTC, 18 June, are ~0.1, indicating that the simulation results
reflect the location of the observed precipitation accurately. Values of A from 0000 UTC,
17 June, to 0000 UTC, 19 June, are positive and <0.6, implying that the simulated precipi-
tation is somewhat stronger than that observed. The value of S at 0000 UTC, 17 June, is
positive, while being negative at other times, with absolute values of <0.5. Overall, the SAL
scores indicate that the distribution and intensity of the simulated precipitation are in good
agreement with observations.

The simulation results are thus sufficiently credible for use in analyzing the character-
istics of the HKE spectrum during eastward movement of the SWV. Based on variations in
circulation and precipitation, the evolution of the SWV can be divided into three stages: the
development stage from 1200 UTC, 16 June, to 1200 UTC, 17 June; the mature stage from
1200 UTC, 17 June, to 0600 UTC, 18 June; and the decay stage from 0600 UTC, 18 June, to
0000 UTC, 19 June.
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Figure 4. The score of 12 h accumulated precipitation from 0000 UTC, 17 June, to 0000 UTC, 19 June.

3. Analysis of Horizontal Kinetic Energy Spectra
3.1. The Mathematical Expressions for Horizontal Kinetic Energy

HKE spectra were computed using the two-dimensional discrete cosine transform
(DCT) of horizontal velocity u = (u,v) at each vertical height level [24,33]. Let #1(k) and
(k) be the DCT of field u and v, respectively, where k = (ky, k) is the horizontal wave
vector. The HKE spectrum at a given time and vertical level is then

1oy, AL\A
En(k) = 5 [a(k)a (k) + (k)0 (k)], )
where the dependence on z and ¢ is suppressed for clarity.

The total horizontal wavenumber is defined as

k= |k| = /K2 + K2, @)

Spectra were constructed as a function of k;, by angular averaging over wavenumber
bands kj, — Ak/2 < |k| < k, + Ak/2 on the ky — k;, plane, with kj, being the central radius
of the bands [20]:

E(ky) = Y. E(k)/ Ak, 3)
ky—Ak /2< K| <kj+Ak/2

where Ak = /(A - N), N = min (N, N]-), N; is the number of zonal grid points, and Nj is
the number of meridional grid points. A = 27t/kj, is the wavelength.

3.2. Evolutions of Horizontal Kinetic Energy Spectra

Figure 5 shows the time evolutions of the HKE spectra from 1200 UTC, 16 June, to
1800 UTC, 18 June, in the lower troposphere (z = 5 km), upper troposphere (z = 12 km),
and lower stratosphere (z = 20 km), respectively. Because the dissipation term in the
WRF model uses the explicit sixth-order diffusion scheme, perturbations smaller than
seven times the horizontal grid distance are poorly resolved and are considered unreli-
able [19]. For data with a horizontal resolution of 4 km, the spectra fall off rapidly for
ky, > 2.09 x 10~* rad m~!, corresponding to wavelengths of <30 km. Therefore, we focus
on the well-resolved horizontal wavelengths of >30 km.
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Figure 5. Horizontal kinetic energy (HKE) spectra from 1200 UTC, 16 June, to 1800 UTC, 18 June, in
the (a,b) lower troposphere (z = 5 km), (c,d) upper troposphere (12 km), and (e,f) lower stratosphere
(20 km). Spectra were plotted every 2 h until 1800 UTC, 18 June (corresponding to gray, brown, and
black lines in the left column, respectively), and every 6 h thereafter. Spectra in the left column pertain
to the development stage of the SWV; and those in the right column to the mature and decay stages,
with black and blue lines representing spectra from 1800 UTC, 17 June, to 0000 UTC, 18 June (mature
stage); and green, red, and yellow lines spectra from 0600 UTC, 18 June, to 1800 UTC, 18 June (decay
stage). Reference lines correspond to —3 and —5/3 slopes.

Overall, HKE decreases rapidly with increasing wavenumber at different times and
heights, but there are also differences between spectra. During the development stage, the
initial HKE spectra at 1200 UTC, 16 June (gray lines in left column, Figure 5), drop sharply at
all heights because of model spin-up. The HKE spectra then grow rapidly in the mesoscale
range for A < 300 km at each height, while spectra for A > 300 km display relatively little
variation with time. After 6 h, the spectral shape at each height remains relatively stable.
The time required for spin-up adjustment varies with height, from about 6 h in the lower
troposphere (Figure 5a) to 4 h in the upper troposphere (Figure 5c) and only 2 h in the
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lower stratosphere (Figure 5e). This indicates that the greater the height, the shorter the
spin-up time. The evolution of the HKE spectrum at three heights is analyzed below.

During the development stage in the lower troposphere (Figure 5a), the HKE spectra (gray,
brown, black, and blue lines in Figure 5a) show a distinct peak at k;, = 1.047 x 10~% rad m
(A = 600 km), indicating initial energy injection at this scale. After 0000 UTC, 17 June (green
line in Figure 5a), the peak disappears and HKE increases on both sides at A = 600 km.
This suggests that the energy injected at this scale may be consumed through upscale
or downscale. After 6 h, the HKE spectrum has already successfully reproduced the
—3 slope for kj, < 2.09 x 1075 rad m~! (A > 300 km) and the —5/3 slope for 2.09 x 105 <
ky < 2.09x10*radm™! (30 < A < 300km). The scale of the spectral transition is
approximately 300 km, comparable with the scale of the SWV. This is consistent with the
results of Wang et al. [26], in which the scale of the spectral transition also corresponded to
that of the TC being simulated. With intensification of the SWV and precipitation, HKE
develops on various scales, with growth at the mesoscale for A < 300 km being more
significant. HKE at 1200 UTC, 17 June (yellow line in Figure 5a), has much higher values
for kj, > 271 x 1075 rad m~!(A < 100 km). During the mature stage, HKE increases at the
mesoscale, with HKE spectra converging over all scales (Figure 5b) and with spectral shape
displaying a transition at A = 300 km, where the slope is about —5/3 for 30 < A < 300 km
and —2.1 for A > 300 km. This indicates that the HKE spectrum falls off more slowly
with increasing wavenumber at larger scales. In this stage, HKE (black and blue lines in
Figure 5b) for A < 300 km is higher than that at other times. During the decay stage (after
0600 UTC, 18 June), HKE (green, red, and yellow lines in Figure 5b) decreases at all scales,
especially at the mesoscale for A < 300 km, distinctly below that at 0000 UTC, 18 June,
and 1800 UTC, 17 June (blue and black lines in Figure 5b, respectively). This indicates
that the evolution of the HKE spectrum in the lower troposphere is closely related to the
development of the SWV.

Compared with the lower troposphere, the spectral slope also changes in the upper
troposphere. Although the spectral transition of the HKE spectrum is slightly unclear
(Figure 5¢,d), the spectral transition still occurs near A = 300 km. The spectral slope is
close to —5/3 for A < 300 km and —3 for A > 300 km, similar to spectral characteristics
in the lower troposphere. During the mature stage (Figure 5d), the HKE spectra more
or less coincide for all scales. The HKE at 1800 UTC, 17 June, and 0000 UTC, 18 June
(black and blue lines in Figure 5d, respectively), have higher values for A < 300 km. In the
decay stage (Figure 5d), the HKE spectrum (green, red, and yellow lines in Figure 5d) for
A < 300 km is lower than that in the mature stage, consistent with its distribution in the
lower troposphere (Figure 5b).

In the lower stratosphere (Figure 5e,f), the HKE spectra at 1400 UTC and 1600 UTC,
16 June (brown and black lines in Figure 5e), also have peaks at A = 600 km, similar to
HKE spectra in the lower troposphere (Figure 5a). Compared with those in the troposphere,
changes of HKE spectra in the lower stratosphere become more obvious with time, indicat-
ing that the intensity of the SWV has a greater influence on the stratospheric HKE spectrum.
During the development stage, the HKE spectrum has no clear transition and approaches a
quasi —5/3 slope for A > 30 km; while with intensification of the SWV, the HKE spectrum
gradually swells near A = 300 km. This is similar to the HKE spectra of TC in the lower
stratosphere [34], where the swell is at A = 500 km (corresponding to the cyclone scale).
During the mature and decay stages (Figure 5f), the spectral shape still has a —5/3 slope for
30 < A < 900 km, and the HKE spectra at 0000 UTC and 0600 UTC, 18 June (blue and green
lines in Figure 5f), have peaks at A = 300 km. For 30 < A < 300 km, the HKE at 0000 UTC,
18 June (blue line in Figure 5f), is notably higher than at other times. Furthermore, with the
intensification (decay) of the SWV, the HKE in the lower stratosphere for A < 300 km tends
to increase (decrease), while that for A > 300 km decreases (increases). This may be due to
the presence of an energy injection at A = 300 km and the energy cascade between larger
and smaller scales. However, the spectral shapes in Wang et al. [26] and Zheng et al. [34]
remain relatively stable and flat throughout the intensification of TC. Differences in HKE
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spectra in the lower stratosphere between the SWV and TC may be caused by differences
in system structure and background circulation.

3.3. Rotational and Divergent Kinetic Energy Spectra

The processes of convergence and divergence, which play key roles in rainstorm
development, are important signals of gravity wave activity. Decomposing the HKE
spectrum into DKE and RKE spectra is a common method of elucidating the formation of
HKE spectra [35]. This decomposition clearly shows the contributions of equilibrium flow
and inertial gravity waves to the HKE spectrum [20]. The RKE and DKE spectra can be
expressed as follows:

Er(k) = ;é(Tl)f;(k) and 4)
Ep (k) = ;‘5(‘?1)(‘;5“) 6)

where { = dv/dx — du/dy is the vertical vorticity and 6 = Ju/dx + dv/dy is the hori-
zontal divergence. The horizontal wavenumber spectra Eg(k;) and Ep(kj) are defined
analogously to E(kj,).

Figure 6 shows HKE, RKE, and DKE spectra and the DKE/RKE ratio averaged verti-
cally over the lower troposphere during different SWV stages. In each stage, the magnitude
of RKE is much greater than that of DKE for A > 300 km, while for 30 < A < 300 km,
the RKE and DKE have the same order of magnitude. The DKE/RKE ratio increases as
the wavelength decreases. The RKE spectrum develops a slope of approximately —3 for
A > 300 km and —5/3 for 30 < A < 300 km, with a spectral transition at around 300 km.
The DKE spectrum has no apparent spectral transition and develops a —5/3 slope over the
whole mesoscale for A > 30 km. It is clear that in the lower troposphere, the total HKE
spectrum is dominated by the RKE spectrum for A > 300 km; while the RKE spectrum
declines to almost the same extent as the DKE spectrum for 30 < A < 300 km, accounting
for the —5/3 slope of the total HKE spectrum. This is consistent with the fact that the SWV
is dominated by rotational motion in the lower troposphere and is similar to the results of
Waite et al. [21] and Wang et al. [26].

During the mature stage (Figure 6b,c), the DKE and RKE spectra grow at the same
time, with the former gradually approaching the RKE spectrum for A > 300 km, although
the magnitude of RKE is still greater than that of DKE. This indicates that as the SWV
grows, the divergent motion in the lower troposphere strengthens with the generation of
convective precipitation. During the decay stage (Figure 6d), the DKE spectrum drops over
all scales; the RKE spectrum has no apparent variations at scales of A > 300 km but falls off
at smaller scales (A < 300 km). The magnitude of DKE is thus slightly greater than that of
RKE at smaller scales (A < 100 km), indicating that the SWV intensity has an important
influence on the DKE spectrum over all scales, and on the RKE spectrum at smaller scales.

In the upper troposphere (Figure 7), during different stages of the SWV, the RKE
and DKE spectra are comparable over all scales, with a ratio of ~1. For A < 300 km, the
magnitude of RKE is slightly smaller than that of DKE during the development and decay
stages of the SWV (Figure 7a,d); during the mature stage (Figure 7b,c), its magnitude is
slightly greater than that of DKE. This demonstrates that the enhancement of the SWV
is closely related to enlargement of the RKE spectrum at the mesoscale. Similar to the
total HKE spectrum, the RKE and DKE spectra also have spectral transitions. However,
with the development of the SWYV, the scale of the spectral transition first increases then
decreases, from ~100 km at 1800 UTC, 16 June (Figure 7a), to ~300 km at 1200 UTC, 17 June
(Figure 7b), and 0000 UTC, 18 June (Figure 7c), before decreasing to 200 km at 1200 UTC,
18 June (Figure 7d).
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Figure 6. Horizontal wavenumber spectra of HKE (thick black line), rotational kinetic energy (RKE,

thick red line), and divergent kinetic energy (DKE, thick blue line), averaged vertically over the lower
troposphere at (a) 1800 UTC, 16 June, (b) 1200 UTC, 17 June, (c) 0000 UTC, 18 June, and (d) 1200 UTC,
18 June. The DKE/RKE ratio (thin black line) is also plotted. Reference lines correspond to —3 and

—5/3 slopes.
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Figure 7. As in Figure 6, except for the horizontal wavenumber spectra of HKE (thick black line),

RKE (thick red line), and DKE (thick blue line), averaged vertically over the upper troposphere at
(a) 1800 UTC, 16 June, (b) 1200 UTC, 17 June, (c¢) 0000 UTC, 18 June, and (d) 1200 UTC, 18 June. The
DKE/RKE ratio (thin black line) is also plotted. Reference lines correspond to —3 and —5/3 slopes.
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In the lower stratosphere (Figure 8), the RKE and DKE spectra are obviously different
from those in the troposphere (Figures 6 and 7). The DKE is almost an order of magnitude
larger than the RKE, and the HKE spectrum is largely dominated by the DKE spectrum.
This is due to the rotational motion of the SWV, which is significant in the troposphere
but does not propagate upward to the stratosphere, with gravity wave activity caused
by the SWV being the most important signal in the lower stratospheric atmosphere [36].
This is consistent with the TC simulation, where the DKE spectrum and resultant HKE
spectrum in the lower stratosphere have a quasi-linear distribution with a —5/3 slope [26].
Similarly, the DKE and total HKE spectra during different stages of the SWV maintain a
slope of —5/3 over the mesoscale range. In contrast to the HKE and DKE spectra, the RKE
spectrum changes markedly during three stages. During the development stage, it displays
a transition at around A = 200 km with an approximately —3 slope for A > 200 km and a
—5/3 slope for 30 < A < 200 km. At 1200 UTC, 17 June (Figure 8b), the scale of the RKE
spectral transition increases to 300 km, but at 0000 UTC, 18 June (Figure 8c), it has no distinct
spectral transition at the mesoscale with a —5/3 slope for 30 < A < 1000 km. During the
decay stage (Figure 8d), the RKE spectrum has a —5/3 slope for 30 < A < 300 km and a
—2.1 slope for A > 300 km, where A = 300 km is the transition scale. Thus, the evolution
of the RKE spectrum in the lower stratosphere suggests that the energy first grows at the
mesoscale before cascading upscale.
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Figure 8. As in Figure 6, except for the horizontal wavenumber spectra of HKE (thick black line),

RKE (thick red line), and DKE (thick blue line), averaged vertically over the lower stratosphere at

(a) 1800 UTC, 16 June, (b) 1200 UTC, 17 June, (c) 0000 UTC, 18 June, and (d) 1200 UTC, 18 June. The

DKE/RKE ratio (thin black line) is also plotted. Reference lines correspond to —3 and —5/3 slopes.

4. Discussion

The SWYV is a cyclonic depression system generated in Sichuan Province, China. An
eastward-moving SWV can cause convective precipitation in the middle and lower reaches
of the Yangtze River. The TC generated in the western Pacific Ocean which normally
moves westward and northward is also a cyclonic depression system. It can induce severe
convection and heavy rainfall along the path of TC. Although both are mesoscale vortex
systems, their structure and generation mechanism are inevitably different. Therefore, these
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also cause differences in the distribution and evolution of the HKE spectrum. In the study
of Wang et al. [26], the HKE spectrum does not show spectral transition characteristics—not
only in the stratosphere but also in the troposphere. It presents a local peak at A = 500 km
(i.e., the cyclone scale) and an arc-like distribution at smaller scales in the troposphere, but
a quasi-linear —5/3 slope in the lower stratosphere. The HKE spectrum of the SWV in the
stratosphere with a slope of —5/3 is similar to that of the TC. However, the HKE spectrum
in the troposphere shows a distinct transition. Its transition scale is approximately 300 km,
and the HKE spectrum has a slope of approximately —3 for A > 300 km and —5/3 for
30 < A < 300 km.

The eastward movement of the SWV to the middle and lower reaches of the Yangtze
River tends to combine with the Meiyu front, which enhances the precipitation of the
Meiyu front system. Comparing the HKE spectrum of the SWV with that of the Meiyu
front system [24], it is found that in the mature stage of the Meiyu front system, the HKE
spectrum in the upper troposphere shows clear transition: the slope of the HKE spectrum
is about —3 for 400 < A < 1000 km, and becomes flat to —5/3 over smaller scales for
40 < A < 400 km. In the lower stratosphere, the HKE spectrum also shows a clear spectral
transition. For the Meiyu front system, there is a spectral transition scale of around 400 km
in both the upper troposphere and the lower stratosphere, and this scale is slightly larger
than that of the SWV. For the SWV system, the spectral transition appears not only in the
lower troposphere but also in the upper troposphere; however, in the lower stratosphere,
the phenomenon of spectral transition is not obvious.

In the study of Peng et al. [24], the relative contribution of DKE and RKE to the total
HKE spectrum in the Meiyu front system was also investigated. They found that the DKE
was slightly smaller than the RKE in the upper troposphere, and slightly larger than the
RKE in the lower stratosphere. For the SWV system, the magnitudes of DKE and RKE
in the upper troposphere are also comparable. However, in the lower stratosphere, the
DKE has much greater values than the RKE. This is significantly different from that of the
Meiyu front system [24] and may be attributed to diverse structures of weather systems.
Note that in the Meiyu front system of Peng et al. [24], they referred to z = 12-15 km as
the lower stratosphere (Figure 10b in Peng et al. [24]). However, the DKE in the lower
stratosphere is investigated over z = 18-20 km in our study and the upward propagating
gravity waves can be prominently found above z = 15 km (Figure 4d in Yu et al. [37]).
In addition, the background winds play the key role in filtering the wave spectrum [36].
Most of the upward propagating gravity waves are filtered by the background wind. Due
to different background conditions in the Meiyu front and the SWV system, the upward
propagating gravity waves are affected in various degrees. Therefore, the DKE shows
different characteristics in different weather systems.

The comparative analyses show that the distribution and variation of the HKE spec-
trum have a strong relationship with the weather system. The characteristics of the HKE
spectrum in different weather systems have both similarities and distinct differences.
Therefore, it is necessary to investigate the characteristics of the HKE spectrum in an
eastward-moving SWV system.

5. Conclusions

The WRF model is used to simulate an SWV moving eastward from Sichuan Province,
China, during 16-19 June 2011. The WRF simulation reproduces the evolution of the SWV
and accompanying precipitation. The SWV process can be divided into the development,
mature, and decay stages. Based on the high-resolution simulation, the characteristics of
HKE spectra at different heights were analyzed.

In the troposphere, the HKE spectrum displays a —3 slope for wavelengths greater
than 300 km and a —5/3 slope for wavelengths between 300 and 30 km during three stages
of the SWV. The transition scale is at a wavelength of 300 km, corresponding to the scale of
the SWV. The HKE spectrum for wavelengths between 300 and 30 km is closely related to
the intensity of the SWV. Within this scale range, the HKE spectrum develops a shallower
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slope and grows obviously during the mature stage and declines during the decay stage.
This indicates HKE increases or decreases according to the intensity of the SWV during
different stages.

However, in the lower stratosphere, the HKE spectrum has no distinct transition
and approaches a quasi —5/3 slope for wavelengths between 900 and 30 km. The HKE
spectrum in the stratosphere is more sensitive to the intensity of the SWV over all scales
and changes more obviously than that in the troposphere. With the intensification of the
SWYV, the HKE spectrum in the stratosphere gradually swells near a wavelength of 300 km
(corresponding to the scale of the SWV). Besides, the HKE for wavelengths less than 300 km
tends to increase (decrease), while that for wavelengths greater than 300 km decreases
(increases) during the mature (decay) stage. This indicates that the HKE spectrum is flatter
and HKE is more energetic during the mature stage of the SWV.

Further investigation of the RKE and DKE spectra reveals that the RKE dominates in
the lower troposphere for wavelengths greater than 300 km, reflecting the strong vortical
motion of the SWV. The magnitude of the DKE increases with height and the DKE spectrum
is comparable with the RKE spectrum in the upper troposphere. Then, in the lower
stratosphere, the DKE is almost an order of magnitude larger than the RKE, and the HKE
spectrum is dominated by the DKE spectrum, indicating that gravity wave activity is an
important phenomenon in the lower stratosphere.

In various weather systems, the distribution and evolution of the HKE spectrum
are obviously different due to the differences in the structure, generation mechanism, or
the motion mode of each system. This study investigated the characteristics of the HKE
spectrum of the SWV and discussed its formation mechanism preliminarily. Diagnostic
analysis of HKE spectrum and transformation of energy over different scales will be
completed in future studies.
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