http://cpb.iphy.ac.cn
http://iopscience.iop.org/cpb

Chinese Physics B

Simulation of a torrential rainstorm in Xinjiang and gravity wave analysis

Rui Yang(#%ii), YiLiu(x%%), Ling-Kun Ran(4-#), Yu-Li Zhang(7k £ 2%)
Citation:Chin. Phys. B . 2018, 27(5): 059201. doi: 10.1088/1674-1056/27/5/059201

Journal homepage: http://cpb.iphy.ac.cn; http://iopscience.iop.org/cpb

What follows is a list of articles you may be interested in

Spatiotemporal distribution characteristics and attribution of extreme regional low temperature
event

Feng Tai-Chen, Zhang Ke-Quan, Su Hai-Jing, Wang Xiao-Juan, Gong Zhi-Qiang, Zhang Wen-Yu
Chin. Phys. B . 2015, 24(10): 109201. doi: 10.1088/1674-1056/24/10/109201

Objective identification research on cold vortex and mid-summer rainy periods in Northeast
China

Gong Zhi-Qiang, Feng Tai-Chen, Fang Yi-He
Chin. Phys. B . 2015, 24(4): 049204. doi: 10.1088/1674-1056/24/4/049204

An approach to estimating and extrapolating model error based on inverse problem methods:
towards accurate numerical weather prediction

Hu Shu-Juan, Qiu Chun-Yu, Zhang Li-Yun, Huang Qi-Can, Yu Hai-Peng, Chou Ji-Fan
Chin. Phys. B . 2014, 23(8): 089201. doi: 10.1088/1674-1056/23/8/089201

Three-dimensional spiral structure of tropical cyclone under four-force balance

Liu Shi-Kuo, Fu Zun-Tao, Liu Shi-Da
Chin. Phys. B . 2014, 23(6): 069201. doi: 10.1088/1674-1056/23/6/069201

Predicting extreme rainfall over eastern Asia by using complex networks

He Su-Hong, Feng Tai-Chen, Gong Yan-Chun, Huang Yan-Hua, Wu Cheng-Guo, Gong Zhi-Qiang
Chin. Phys. B . 2014, 23(5): 059202. doi: 10.1088/1674-1056/23/5/059202


http://cpb.iphy.ac.cn/EN/abstract/abstract72092.shtml
http://cpb.iphy.ac.cn/
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn/EN/abstract/abstract65486.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract65486.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract63824.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract63824.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract60405.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract60405.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract59446.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract59195.shtml

Chin. Phys. B Vol. 27, No. 5 (2018) 059201

Simulation of a torrential rainstorm in
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We used a weather research and forecasting model to simulate a torrential rainstorm that occurred in Xinjiang, China
during June 16-17, 2016. The model successfully simulated the rainfall area, precipitation intensity, and changes in pre-
cipitation. We identified a clear wave signal using the two-dimensional fast Fourier transform method; the waves propa-
gated westwards, with wavelengths of 45-20 km, periods of 50-120 min, and phase velocities mainly concentrated in the
—25 m/s to —10 m/s range. The results of wavelet cross-spectral analysis further confirmed that the waves were gravity
waves, peaking at 11:00 UTC, June 17, 2016. The gravity wave signal was identified along 79.17-79.93°E, 81.35-81.45°E
and 81.5-81.83°E. The gravity waves detected along 81.5-81.83°E corresponded well with precipitation that accumulated
in 1 h, indicating that gravity waves could be considered a rainstorm precursor in future precipitation forecasts.

Keywords: gravity wave, rainstorm, spectral analysis methods, weather research and forecasting model

PACS: 92.60.—e, 92.60.Wc, 92.60.jf

1. Introduction

Gravity waves are ubiquitous in the atmosphere, and play
an important role in the transport of momentum and energy
between the troposphere and stratosphere.!!! Several reasons
have been proposed to explain the excitation of gravity waves
including topography. The generation of Lee waves or moun-
tain waves by airflow over a mountain occurs at scales be-
tween 10 km and 100 km, corresponding well with the size of
the mountains.[?! The generation of gravity waves is accompa-
nied by geostrophic adjustment, in which air adjusts from non-
equilibrium flow to equilibrium flow and the momentum, en-
ergy and potential vorticity are redistributed, generating grav-
ity waves and releasing unstable energy. The evolution of the
jet-front systems is typical in gravity waves generated through
geostrophic adjustment. Uccellini and Koch!®! proposed a
conceptual model that located the activity region of gravity
waves at the north of the surface front and the east of the upper
jet, and determined their phase velocity by the speed of the jet-
front system. ) Simulations further confirmed that the gravity
wave sources were located at the front of the ridge line at high
latitudes and in the vicinity of the trough at mid-latitudes."!
The authors concluded that water vapor played a crucial role
in the excitation of gravity waves such that wet sources of
gravity waves could produce wider power spectra, wavelength
spectra and phase velocity spectra than dry sources of grav-
ity waves.[%7 Wind shear has also been widely discussed as a
source of gravity waves through the envelope radiation mecha-
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nism and nonlinear Kelvin—Helmholtz instability.[3°! The role
of the wave—wave interaction as a gravity wave generator has
also been studied; the parametric subharmonic instability has
been used to interpret the generation of gravity waves and
these findings were supported by radar observations.!'%! Con-
vection systems are another important source of gravity waves
that has been widely studied. Three mechanisms are currently
used to interpret the generation of gravity waves by convec-
tion: the obstacle effect,!' ! the mechanical oscillator effect!!?!
and pure thermal forcing.[!3] Some studies have also attempted
to interpret the sources of gravity waves using wave equations,
and the results showed that latent heating was predominant in
the generation of gravity waves.!1%13]

Convection can not only generate gravity waves but also
acquire feedback, which can help to form new convection
cells. The wave-conditional instability of the second kind
(CISK) mechanism has been widely used to explain the inter-
action between gravity waves and convection;'%17] however,
the calculation of spreading speeds based on this mechanism
generally disagrees with the observations.!'8 A combination
of wave ducting and the wave-CISK mechanism has success-
fully explained the propagation and maintenance of convec-
tion systems.!!%2%1 Subsequently, many studies have focused
on the effects of gravity waves on convection; for example, Liu
et al.'>!] investigated the role of gravity waves in the develop-
ment of squall lines and found that a combination of gravity
waves and cold pool outflow maintained the propagation and
development of squall lines. Su and Zhai?*! discovered us-
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ing high-resolution numerical models that gravity waves and
convergence lines together promoted convection initiation.

Considering the close correlation between gravity waves
and convection, quantitative analysis of the parameters of
gravity waves and the spatiotemporal characteristics of wave
parameters have become an essential work in this field. The
polarization property of the perturbation quantities of hori-
zontal wind fields is key to extracting the parameters of in-
ertial gravity waves (IGWs). Using this property in horizon-
tal wind fields, Thompson!?3! introduced rotary spectral anal-
ysis, based on Fourier transform, to analyze the vertical prop-
agation of gravity waves. The disadvantage of this method
is that it cannot be used to obtain the horizontal propagation
direction or frequencies of gravity waves. Cot and Barat!>*!
attempted to extract the horizontal and vertical propagation
directions of gravity waves and calculated wave frequencies
using the hodograph method; however, the results were in-
accurate when multiple waves were simultaneously present
in the hodographs. The cross-spectral method combines the
advantages of the rotary spectral analysis and the hodograph
method,/®! and has therefore been widely adopted. How-
ever, the cross-spectral method cannot be used to obtain the
spatiotemporal evolution characteristics of wave parameters.
To solve this problem, Lu et al.!*®! combined the continu-
ous wavelet transform and cross-spectral methods based on
the polarization of gravity waves, and successfully extracted
the temporal and spatial characteristics of gravity waves from
the observed data. Due to the presence of noise, wave signals
extracted from the observed data might be false waves; signif-
icant tests in the wavelet power spectrum analysis and wavelet
cross-spectral analysis should be used to improve the gravity
wave analysis. 27281

In summary, the wavelet cross-spectral method makes it
possible to acquire the spatiotemporal characteristics of grav-
ity waves, but studies on this method have mainly focused on
horizontal wind fields (i.e., u and v directions), whereas stud-
ies using the spectral analysis method based on the gravity
wave model have ignored the geostrophic parameter f. For
modeling mesoscale IGWs, the geostrophic parameter must
not be neglected, and the fixed-phase polarization relationship
between m7 in the u and v horizontal wind fields in the pure

(291 Gravity wave

gravity wave model does not exist for IGWs.
identification and spectral analysis have only been applied to
observations. Application of the spectral analysis methods in
weather research and forecasting (WRF) models to study grav-
ity waves would be helpful in identifying gravity waves with
smaller wavelengths than typically observed. Spectral analy-
sis would also permit the identification of quantitative gravity
wave parameters in higher-resolution mesh regions than pos-
sible in isolated sounding observation stations.

Therefore, we used the three-dimensional (3D) inertial

gravity wave model and the phase polarization relationship
between 7 /2 of the horizontal divergence and vertical vortic-
ity to identify gravity waves and analyze their spatiotemporal
characteristics during a torrential rainstorm that occurred in
Xinjiang, China duirng June 16-17, 2016.

2. Data and methods

The data used in this paper included China merged anal-
ysis hourly precipitation data, global forecast system (GFS)
data at a resolution of 0.25°, and WRF3.7.1 model output at a
resolution of 3 km. Fast Fourier transformation (FFT), cross-
spectral analysis, wavelet spectral analysis, and inverse FFT
(IFFT) were used to analyze the gravity waves based on their
polarization property.

3. Observed precipitation and circulation back-
ground

3.1. Observed precipitation

A torrential rainstorm occurred in Xinjiang, China dur-
ing June 16-17, 2016. Precipitation was mainly concentrated
in Yili Valley and distributed along the Borohoro Mountains
from the northwest to southeast (Fig. 1). Xinjiang, the largest
province in China, has an extensive variety of landforms given
its uneven topography. Xinjiang contains few meteorological
observation stations; thus, there is apparent discontinuity in
the precipitation zone shown in Fig. 1. Heavy rainfall (over
48 mm within 24 h) mainly occurred in Nilka County and
Gongliu County, and to a lesser extent in Yining County, Turks
County, Xinyuan County, and Huocheng County. The maxi-
mum rainfall was recorded in the boundary area between Yin-
ing County and Nilka County, with a 24 h accumulated rainfall
of more than 96 mm, defining a torrential rainstorm based on
the local operational standard set by Xinjiang Province. This
rainstorm was characterized by high intensity, concentrated
location, and spatial and temporal inhomogeneity, indicating
that it was a typical mesoscale weather process.
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Fig. 1. Observed 24 h accumulated precipitation (mm) from 12:00
UTC, June 16, 2016 to 12:00 UTC, June 17, 2016.
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3.2. Synoptic background

During the rainstorm, a South Asian high increasingly
strengthened and moved westwards, with a high-pressure cen-
ter stably maintained over the Tibetan Plateau (Figs. 2(a) and
2(d)). At the same time, a high-level trough and the South
Asian high increased the speed of the upper-level jet stream,
with Yili Valley to the left of the exit of the upper-level jet
stream. The divergence to the left of the exit of the upper-level
jet stream at 200 hPa promoted convergence on the surface at
Yili Valley. The synoptic background at 500 hPa (Figs. 2(b)
and 2(e)) exhibited the classic weather pattern of two troughs
and one ridge; one trough was located to the west of Lake
Balkhash and the other was over northeastern China, extend-

ing from the northeast China cold vortex to the Changjiang-
Huaihe basin, with the ridge situated over Lake Baikal. The
trough to the west of Lake Balkhash gradually developed into a
cold vortex to the west of Xinjiang, such that Xinjiang was un-
der the control of the southwesterly flow in front of the trough.
Under these favorable weather conditions, a cyclonic circu-
lation formed to the west of Yili Valley (Figs. 2(c) and 2(f)).
The northwesterly flow around Lake Balkhash steered the cold
air in Siberia southwards. When the cold air reached Central
Asia, it turned right and entered Yili Valley along the North
Tianshan basin, providing sufficient moisture to promote the
development of the torrential storm in the Yili Valley area of

Xinjiang Province.

T T
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Fig. 2. Upper, middle and lower-level synoptic weather patterns at (a)—(c) 12:00 UTC, June 16, 2016 and (d)—(f) 06:00 UTC, June 17, 2016, respectively.
(a), (d) Geopotential height (solid lines, dagpm) and wind speed > 30 m/s (vectors, m/s) at 200 hPa; (b), (e) geopotential height (solid lines, dagpm),
temperature (dashed lines, °C), and wind speed (vectors, m/s) at 500 hPa; (c), (f) geopotential height (solid lines, dagpm), wind speed (barbed lines,
knots), and wind speed > 8 m/s (shaded areas, m/s) at 700 hPa; the rectangular area represents the domain of the simulation area.

3.3. Water vapor condition

The water vapor originated mainly from the Arctic Ocean
(Fig. 3(a)). Northerly flows to the east of the arctic high trans-
ported the water vapor southwards to Western Siberia. The

water vapor was driven by the northerly flow to the east of
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the Ural high pressure zone to move southwards into Kaza-
khstan, then turned right and entered Yili Valley along the
North Tianshan basin where the water vapor converged at last
with the maximum absolute value of water vapor flux diver-
gence, which exceeded 5 x 1077 g-cm~2-s~!-hPa~!. The con-
vergent water vapor was forcedly uplifted by the steep terrain,
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Fig. 3. Water vapor flux (streamlines, g-cm~!-s~!-hPa~!) and water vapor flux divergence (shaded areas, 10”7 g-cm~2-s~!-hPa~!) at

(a) 18:00 UTC, June 16, 2016; and (b) 12:00 UTC, June 17, 2016.

059201-3



Chin. Phys. B Vol. 27, No. 5 (2018) 059201

and water vapor in the atmosphere further condensed into rain-
water, finally leading to the occurrence of the torrential rain-
storm. At 12:00 UTC, June 17 (Fig. 3(b)), the convergence
of water vapor in Yili Valley significantly weakened, and the
convergence center moved northeastwards to Altay Prefecture,
then the heavy rains in Yili Valley gradually decreased.

4. Numerical simulation and model verification
4.1. Model description

We used the WRF model version 3.7.1 to simulate the tor-
rential storm with a single domain with 539 x 384 grid points
in the north-south and east-west directions, and a horizontal
grid spacing of 3 km. The simulation was performed for the
storm occurring over a period of 48 h, from 00:00 UTC, June
16, 2016 to 00:00 UTC, June 18, 2016. The initial and bound-
ary conditions were derived from the National Centers for En-
vironmental Prediction/National Center for Atmospheric Re-
search (NCEP/NCAR) GFS reanalysis dataset, with a resolu-
tion of 0.25° x 0.25°. The main parameterizations used in the
model are as follows: a microphysics scheme with ice, snow
and graupel processes suitable for high-resolution simulation
(Thompson); a boundary scheme from the asymmetric convec-
tive model with a non-local upward mixing and local down-
ward mixing closure scheme (ACM?2); a two-layer scheme
from the Pleim—Xiu land surface model with vegetation and
sub-grid tiling (PX LSM); a longwave radiation scheme from
the rapid radiative transfer model (RRTM). The model was set
up to provide output every 10 min. The simulation area and
topographic distribution are presented in Fig. 4 (red line indi-
cates the cross-section referred to below).

80°E 82°E 84°E 86°E 88°E

46°N

44°N

42°N

40°N

e
88888
OOOOO

38°N

78 80°E 82°E B84°E B86°E 88°E 90°E 92°FE 94°E

Fig. 4. Terrain height (in units of m) in the numerical simulation do-
main. Red line indicates the cross-section studied in depth.

4.2. Model verification

Rainfall was mainly concentrated along the southern foot
of Borohoro Mountain during 12:00-18:00 UTC, June 16,
2016 (Fig. 5).
Xinyuan County, experienced a maximum rainfall over 6 h

Two rainfall centers, in Nilka County and

of > 48 mm, the definition of a large rainstorm based on the
Xinjiang Province local operational standard. There were two
zonal precipitation belts distributed in Zhaosu County and the
region between Changji and Urumgqi. The model simulated the
precipitation process well, with little deviation from the obser-
vations; for example, the simulated rainfall in Yining County
was stronger than that observed, and the location of the sim-
ulated precipitation cell was to the northwest of the observed
cell. The precipitation cell simulated in Nilka County was
slightly weaker than that observed, and its location was to the
north of the observed cell. Between 18:00 UTC, June 16 and
00:00 UTC, June 17, the rainfall along the Borohoro Moun-
tains increased rapidly, and the precipitation cell was located

Accumulated rainfall/mm

82°E 84°E 86°E 88°E

Fig. 5. The 6 h accumulated rainfall (mm) during (a), (b) 12:00-18:00 UTC, June 16, 2016 and (c), (d) between 18:00 UTC, June 16,
2016 and 00:00 UTC, June 17, 2016. (a), (c) simulation; (b), (d) observation.
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in the western part of Nilka County, with a maximum rain-
fall of > 96 mm occurring over 6 h. The precipitation zone
was characterized by a clear zonal distribution along the Boro-
horo Mountains, with precipitation on the windward slope; the
model reproduced the characteristics of the precipitation along
the south foot of Borohoro Mountain well, except that three
strong precipitation centers were observed, whereas only two
precipitation centers appeared in the simulation.

There were differences in the precipitation intensity and
location of precipitation cells between simulation and obser-
vation; however, overall, the precipitation areas and precipita-
tion development trend were very similar. In other words, the
model reproduced the precipitation process well, and the high-
resolution model output was sufficiently accurate to analyze
gravity wave characteristics during the torrential rainstorm.

5. Analysis of gravity waves

Gravity waves, particularly mesoscale IGWs, are typi-
cally closely correlated with rainstorms and other mesoscale
weather systems. Therefore, we further examined the char-
acteristics of gravity waves, the spatiotemporal evolution of
gravity waves, and their roles during the rainstorm. We chose
the cross-section indicated by the red line in Fig. 4 to conduct
an in-depth spectral analysis. The cross-section region indi-
cated by the red line in Fig. 4 represents the complex terrain
in Xinjiang very well and is located in the rainfall area. The
topography and convection are favorable to the generation of
IGWs as shown above and, therefore, the cross-section may
be an ideal zone to study the relationship between precipita-
tion and IGWs.

5.1. Power spectrum analysis

We began by calculating the running average values of
vertical velocity every 4 h, after which FFT was used to obtain
the mean characteristics of the waves along the red line indi-
cated in Fig. 4 between 12:00 UTC, June 16, 2016 and 12:00
UTC, June 17, 2016. A power spectrum analysis for different
altitudes showed that wave signals were most prominent at an
altitude of 19 km, with a clear single peak and narrow spec-
trum (Fig. 6). The wave numbers ranged from —0.024 km™!
and —0.009 km~! (corresponding to horizontal wavelengths
of 40-110 km) and the main wave frequencies varied from
0.0063 min~! to 0.02 min~! (corresponding to wave periods
of 50-160 min) in the region of maximum wave energy den-
sity. These results indicate that the main wave signals were
classic meso-f scale waves with horizontal wavelengths of
40-110 km and periods of 50-160 min. The wave phase ve-
locities were concentrated in the range of —25 m/s to —10 m/s,
where the negative sign indicates that the waves were propa-
gated in the westward direction.
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0.0125

0.0084
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—0.033 0 0.033  0.067

Zonal wavenumber/km~!

—0.067

Fig. 6. Power spectrum density (m?-s~2) of the vertical velocity at an alti-
tude of 19 km along the line shown in Fig. 4(a). Solid lines represent the
wave phase velocities of —5 m/s, —10 m/s, and —25 m/s.

5.2. Cross-spectral analysis

A phase difference of 90° between the vertical vortic-
ity and horizontal divergence was selected as the criterion to
identify IGWs based on the polarization of gravity waves.>’]
We calculated the phase spectrum and correlation spectrum
of the vertical vorticity and the horizontal divergence using
cross-spectral analysis to identify IGWs along the red line in-

dicated in Fig. 4 during the rainstorm. For example, the phase
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Fig. 7. (a) Phase spectrum and (b) correlation spectrum between the
horizontal divergence and vertical vorticity at an altitude of 19 km at
11:00 UTC, June 17, 2016 along the line shown in Fig. 4(a).

059201-5



Chin. Phys. B Vol. 27, No. 5 (2018) 059201

spectrum and correlation spectrum of different wavenumbers
calculated for 11:00 UTC, June 17, 2016 are presented in
Fig. 7. The phase difference in the vertical vorticity and hor-
izontal divergence with wavenumbers of 0.015-0.022 km™!
and 0.033-0.036 km~! approached 90° (Fig. 7(a)). At the
same time, the vertical vorticity and horizontal divergence
had a high correlation coefficient, with values greater than
0.8 for waves with wave numbers of 0.016-0.020 km~!
(Fig. 7(b)). Taken together, the waves with wavenumbers of
0.016-0.020 km~! (corresponding to horizontal wavelengths
of 50-60 km) were identified as IGWs. IGWs with wavenum-
bers of 0.016-0.020 km~! were determined to be in the re-
gion of maximum wave energy density according to the power
spectrum density analysis (Fig. 6), indicating that IGWs were
the crucial waves in the torrential rainstorm.

5.3. Wavelet cross-spectral analysis

Based on the cross-spectral analysis, we were able to
identify IGWs with detailed wavelengths and periods; how-
ever, the disadvantage of the cross-spectral analysis is that it
could not be used to obtain the spatiotemporal characteristics
of IGWs. Based on the phase spectrum, correlation spectrum,

and amplitude spectrum of the vertical vorticity and horizon-
tal divergence calculated using wavelet cross-spectral analy-
sis, we obtained the spatiotemporal characteristics of IGWs
along the red line indicated in Fig. 4. There was an ex-
treme value in the 79.17-79.93°E, 81.10-81.45°E, and 81.50—
82.00°E regions (Fig. 8(a)). The phase differences in verti-
cal vorticity and horizontal divergence at 79.17-79.93°E and
80.69-82.21°E both approached 90°, particularly at 81.83—
82.21°E, where the phase difference was exactly equal to 90°
(Fig. 8(b)). There were three regions where the correlation
coefficients were close to 0.9: near 79.55°E, near 80.5°E,
and along 81.4-82.21°E, particularly along 81.83-82.21°E,
where the correlation coefficients were exactly equal to 0.98
(Fig. 8(c)). There were clear gravity wave signals along
79.17-79.83°E, 81.35-81.45°E, and 81.5-81.83°E, particu-
larly along 81.83-82.21°E where the correlation coefficients
were close to 0.98 and the phase differences were exactly
equal to 90°. Compared to the 1 h accumulated precipitation
(Fig. 8(b)) along the cross-section line shown in Fig. 4, the re-
gion experiencing maximum rainfall corresponded well with
the IGWs described above.
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Fig. 8. (a) Wavelet amplitude spectrum, (b) phase spectrum, and (c) correlation spectrum between the horizontal divergence and
vertical vorticity at an altitude of 19 km at 11:00 UTC, June 17, 2016 along the line shown in Fig. 4(a). Red line in panel (b) represents
the 1-hour accumulated precipitation (mm).
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Fig. 9. (a) Wavelet amplitude spectrum, (b) phase spectrum, and (c) correlation spectrum between the horizontal divergence and vertical
vorticity at an altitude of 19 km along 81.68°E. Red line in panel (b) represents the 1 h accumulated precipitation (mm).

To obtain the temporal characteristics of the IGWs in the
rainstorm, we performed wavelet cross-spectral analysis of the
vertical vorticity and horizontal divergence over time. Figure 9
shows the result of this analysis along 81.68°E at an altitude
of 19 km between 00:00 UTC, June 16, 2016 and 00:00 UTC,
June 18, 2016, where the horizontal axis is time in 10-min in-
tervals. Between 06:00 and 12:00 UTC, June 17, 2016, there

was an extreme value in the amplitude spectrum (Fig. 9(a));
the phase difference in vertical vorticity and horizontal diver-
gence approached 90° (Fig. 9(b)) and the correlation coeffi-
cient exceeded 0.9 (Fig. 9(c)). This gives a clear IGW sig-
nal during that period. A precipitation peak appeared at 10:00
UTC, when the phase difference in the vertical vorticity and
horizontal divergence approached 90° (Fig. 9(b)), indicating
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that the precipitation peak and IGWs agreed well in time.

5.4. Reconstruction of gravity waves

According to our analysis of IGWs, we chose IGWs
during the rainstorm with periods of 60-120 min, horizontal
wavelengths of 50-60 km, and phase velocities of —10 m/s
to —20 m/s for reconstruction by filtering the vertical velocity
with the IFFT method. The westward propagation of gravity
waves is clearly evident in Fig. 10(a). In three time periods
(07:00-09:00 UTC, June 16; 13:00-14:00 UTC, June 16; and

09:00-14:00 UTC, June 17), the IGWs were clear, particu-
larly during the period 09:00-14:00 UTC, June 17, when the
IGW signal intensity along 80.4—82.21°E was strongest, cor-
responding well to our previous analysis. Precipitation was
mainly concentrated along 80.4—-82.21°E during 07:00-13:00
UTC, June 17 (Fig. 10(b)), with a precipitation peak at 11:00
UTC, June 17 near 81.4°E, corresponding well to the strongest
waves shown in Fig. 10(a) and further revealing the close cor-

relation between IGWs and rainstorms.
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Fig. 10. (a) Time-longitude cross-section of reconstructed vertical velocity (m-s~!) at an altitude of 19 km. Time on the Y-axis is formatted
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Figure 11 shows the reconstruction of the vertical veloc-

ity along the time-latitude cross-section. As shown in Fig. 11,
gravity waves were active at a height of 12-20 km. Grav-

ity waves propagated strongly westward during 10:40-11:30

UTC, June 17. A clear gravity wave signal was present along
80.69-82.21°E, which corresponded well to the precipitation
signal shown in Fig. 10, again revealing correspondence be-

tween the gravity waves and the precipitation. While propa-
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gating westwards, gravity waves along 80.69-82.21°E weak-
ened gradually, with a limited intensity during 10:40-11:10
UTC, June 17; however, at 11:20 UTC, June 17, gravity waves
suddenly became very weak, reflecting the transience of grav-
ity wave characteristics. Gravity waves along 79.17-79.93°E
enhanced with time from 11:30-11:40 UTC, June 17. Apart
from the change in intensity of the gravity waves, the clearest
trend was their upward propagation (Fig. 11).

6. Discussion and conclusion

This study focused on a torrential rainstorm event that oc-
curred mainly in Yili Valley and along the Borohoro Moun-
tains in Xinjiang Province, China. The trough was located
to the west of Lake Balkhash at 500 hPa; the jet stream at
200 hPa provided favorable conditions for the development
of the torrential rainstorm. Cyclonic circulation at 700 hPa
and the unique topography in Yili Valley forced the airflow to
converge and rise. The torrential rainstorm was characterized
by heavy rainfall intensity, concentrated location, and spa-
tial and temporal heterogeneity, indicating a typical mesoscale
weather event. We simulated the development and occurrence
of the torrential rainstorm using the WRF model, which suc-
cessfully reproduced the precipitation area, intensity, and de-
velopment trends during the rainstorm. Then we analyzed the
characteristics of gravity waves during the rainstorm event us-
ing FFT and cross-spectral and wavelet cross-spectral analysis
methods. The results showed that wave signals were promi-
nent at an altitude of 19 km, with a clear single peak and a
narrow spectrum. Waves at this altitude had horizontal wave-
lengths of 40-110 km and periods of 50-160 min. The wave
phase velocities were concentrated within a range of —25 m/s
to —10 m/s, and the waves propagated westwards.

Using cross-spectral analysis, we determined that the
gravity waves were the crucial waves during the rainstorm.
These gravity waves occurred mainly between 09:00 and
12:00 UTC, June 17, in the regions 79.17-79.93°E, 81.35—
81.45°E, and 81.5-81.83°E. Wavelet cross-spectral analysis
showed that gravity waves in the region 81.5-81.83°E were
closely correlated with the 1 h accumulated precipitation, a
possible rainstorm precursor for precipitation forecasting.

In conclusion, the comprehensive application of FFT and
cross-spectral and wavelet cross-spectral analysis based on
vertical velocity, horizontal divergence, and vertical vorticity
could identify the signals of gravity waves, diagnose their pa-
rameters, and obtain the characteristics of their spatiotemporal
evolution. The region and time experiencing extreme rainfall
corresponded well with the IGWs described above. This spa-
tiotemporal correspondence implies an interaction between the
precipitation and IGWs and there may be a positive feedback

mechanism between them to enforce and maintain the precip-
itation and IGWs during the rainstorm. Therefore, the use of
these methods together may be helpful in numerical modeling
and forecasting, and applying the knowledge of gravity waves
to improve weather forecasts. We applied these methods for
one case; further cases should be studied to examine and im-
prove the methods and identify more potential rainstorm pre-
cursors. Avenues for future studies should include determining
the mechanism of gravity wave generation during severe con-
vection events, the role of the unique topography of Xinjiang,
and the feedback of gravity waves to the mean flow.
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