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Abstract: The terrain of Changbai Mountain has great influence on the distribution of atmospheric
flows and the occurrence and development of precipitation. This study quantitatively analyzes the
regional characteristic of topographic perturbations and the relationship between terrain, wind and
precipitation in Changbai Mountain region, by using a spectral analysis of the two-dimensional
discrete cosine transform. Three domains with relatively heavy summer precipitation are selected
as the study region. The results indicate that the overall terrain of Changbai Mountain region
exhibits anisotropic characteristics. The terrain spectra of domain B are less than those of domain A
and C across the whole wavelength (1) bands, indicating that the large-scale topographic
perturbations of domain B are relatively weak. The largest topographic spectral peak of domain C
shows the most pronounced undulation of terrain among the three domains. The dominant
wavelengths of terrain height variance for domain A and C, both close to the respective maximum
wavelengths, indicate more prominent large-scale topographic perturbations. For domain A, the
variation of the precipitation spectra is consistent with that of the wind spectra at the wavelength
bands of A <390 km, showing a high correlation between wind field and the occurrence of rainfall.
The inverse relationship at larger wavelengths indicates that multiple factors contribute to the
occurrence of rainfall. For domain B, there is consistency in the fluctuations of terrain spectra,
precipitation spectra, and wind spectra at the wavelength bands of A <278.3 km, implying that the
smaller-scale terrain has an important effect on the occurrence of summer precipitation. For domain
C, the variations of terrain spectra, precipitation spectra, and wind spectra are almost consistent
across the whole wavelength bands, indicating that the large-scale terrain and minor terrain both
play a crucial role in atmospheric uplift and the occurrence and development of summer rainfall.

Keywords: Changbai Mountain; two-dimensional discrete cosine transform; terrain spectra; wind
spectra; precipitation spectra; additive synthesis; the dominant wavelength

1. Introduction

Rainstorm is a common disastrous weather in China, which has caused serious losses to the
safety of people's lives and property. In recent years, extreme rainstorm events are gradually
increasing in the context of global warming [1-3]. With the development of observational equipment
and numerical models, scholars have made significant progress in understanding the formation
mechanisms of rainstorms. Forecast accuracy of rainstorm, especially the regional organized
systematic rainstorm, has also been improved to a certain extent [4-8]. However, it is still a universal
problem to predict the occurrence and intensity of rainstorm under complex terrain, which plays a
very important role in triggering precipitation and affecting its spatial and temporal distribution.
Major mountain barriers can significantly modulate precipitation over mountainous areas through
dynamic processes, such as upslope ascent, leeside descent, and associated gravity wave activities
[9-17]. As topographic rainstorm usually shows characteristics of suddenness, small coverage, and
short-term, it is difficult to make accurate early warning and prediction. Therefore, it often leads to
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mountain torrents, debris flows, landslides and other meteorological secondary disasters. Megacities
built near mountains are vulnerable to natural disasters. Rainstorm and other disastrous weather
could well cause serious losses to local people's lives, property and economy. For example, an
extreme weather event occurred in Northeast China on July 13, 2017, with the peak precipitation
reaching 296 mm. The extensive rainfall accompanied by severe convection weather that included
hailstones, thunderstorms and strong winds caused flooding damage and other geological disasters,
such as debris flows and landslides, in some areas. The rainstorm affected nearly one million people
and resulted in the direct economic loss of several hundred million Yuan [18,19].

Most of the rainstorm events in Northeast China are closely related to complex terrain [20-23].
The Changbai Mountain stretches for thousands of kilometers from southwest to northeast, across
the east of Jilin, Liaoning, and Heilongjiang provinces, with its chief part located in the southeast of
Jilin Province. It is the common birthplace of Tumen River, Yalu River, and Songhua River. With
unique geographical location, it is a weather and climate sensitive area in northeast China, of which
the central part is located in the transitional windward zone between the Changbai Mountain region
and the Songliao Plain. The semi mountainous terrain is an area where meso- and micro-scale systems
occur frequently. The local severe weather is the result of the combination of terrain and system
development. Therefore, a systematic study on the topography of Changbai Mountain region is
required for accurate forecast of rainstorm under the complex terrain.

Pielke and Kennedy (1980) [24] suggested that terrain characteristics can be truly represented in
spectrum space, and terrain spectra can quantitatively reflect the effect of topographic dynamic
forcing on atmosphere. Young and Pielke (1983) [25] and Young et al. (1984) [26] found that the
spectral analysis of terrain cross-sections can be used to investigate the terrain spectra. Since then, the
one-dimensional operation along several adjacent terrain sections has been extensively used for the
high computational efficiency [25-28]. Steyn and Ayotte (1985) [29] proposed that if the terrain of a
given area is directional, the one-dimensional spectral analysis method may not be accurate to deal
with the terrain. Salvador et al. (1999) [30] determined a grid size of 2 km for mesoscale models of the
east coast of Spain based on a two-dimensional spectral analysis. However, it is computationally
time-consuming to calculate the two-dimensional terrain spectra for a larger study region, in spite of
the rapid development of computational resources [31]. Wang and Wang (2004) [32] revealed the
physical mechanism of the topographic effect on the westerly over the central and eastern China,
using one-dimensional weighted-average spatial spectral method, which was also used to study the
mechanism of terrain forcing on precipitation distribution in Tibet Plateau by Shu et al. (2006) [33].

However, the one-dimensional or two-dimensional spectral analysis method mentioned above
all used traditional discrete Fourier transform (DFT). Denis et al. (2002) [34] proposed that spectral
analysis of atmospheric fields on limited-area grids using Fourier transforms can lead to the aliasing
or projection of the large-scale trend on the high-wavenumber components, though the DFT is well
suited for global atmosphere. The two-dimensional discrete cosine transform (2D-DCT) is suitable
for spectral analysis of data on a limited area. Since then, the DCT was widely applied in spectral
analysis of atmospheric fields on limited-area grids [35-39]. For example, Huang and Cui (2016) [39]
used 2D-DCT to decompose the terrain height field and torrential rainfall distribution field in
Sichuan, China.

Although the terrain of Changbai Mountain plays an important role in atmospheric flows and
occurrence and development of rainfall, there is currently a lack of quantitative research on the real
terrain characteristics and the terrain effect on precipitation distribution in this region. The aim of
this study was to quantitatively explore the effect of topographic dynamic forcing on precipitation
distribution in Changbai Mountain region, by using 2D-DCT. The regional characteristic of
topographic perturbations can be accurately depicted based on the terrain characteristics represented
in spectrum space. The relationship among terrain dynamic forcing, wind and precipitation in
spectrum space, and the possible reasons for the high incidence of local rainstorm were also
investigated by analyzing the distributions of terrain spectra, wind spectra, precipitation spectra. In
this paper, the data and the spectral analysis method are presented in section 2. The precipitation
distribution characteristics, the terrain spectra of Changbai Mountain region, and spectral analysis of
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terrain, precipitation, and wind field are investigated in Section 3. The discussion and conclusions
are summarized in Section 4.

2. Data and Methods

2.1. Data

The latest SRTM (Shuttle Radar Topographic Mission) 90 m digital elevation database, originally
produced by National Aeronautics and Space Administration (NASA), was used for the algorithm of
terrain spectra. The observed precipitation was from the merged hourly precipitation product, which
had a horizontal resolution of 0.1°x0.1°. It is based on the optimum interpolation technique through
the combination of the hourly precipitation observed by automatic weather stations and retrieved
from CMORPH (Climate Prediction Center Morphing technique) satellite data [40]. The wind data at
850 hPa were from the European Centre for Medium-Range Weather Forecasts (ECMWF) global data,
which had a horizontal resolution of 0.125°x0.125°. Data of wind and precipitation from June to
September of each year from 2008 to 2022, were used in this study.

2.2. Methods

Spectral decomposition of terrain height field, wind field at 850 hPa, and precipitation field on
Changbai Mountain domain was determined by the algorithm of 2D-DCT. The DCT was first applied
to atmospheric spectral analysis by Denis et al. (2002) [34]. In the spectral analysis of atmospheric
fields on limited-area domains, fields on the grids are generally aperiodic and dominated by large-
scale factors whose wavelengths are greater than the domain in most cases. Trying to use a standard
Fourier transform on limited-area domains can lead to the aliasing of the large-scale trend on the
high-wavenumber components, thus destroying all usefulness of spectra at high wavenumbers. The
DCT is particularly well adapted for spectral analysis of atmospheric fields on a limited area,
compares favorably with the periodic Fourier transform. It does not need any trend removal or any
other prior modification before applying the DCT and can overcome the problem of the aliasing of
large-scale variance into shorter scales [39].

An algorithm of spectral computation has been coded, based on Denis et al.’s (2002) study, which

used the 2D-DCT. For a two-dimensional physical field h(i. J) of N; by Nj grid points, the direct and
inverse DCT are respectively defined as,
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Here, F(m,n) is the spectral coefficient Correspondmg to the (m,n) adimensional wavenumbers.
The spectral variance can be computed from the spectral coefficients:

o’ (m,n)=F*(m,n)/(N, N;) 3)

In order to analyze the relationship between terrain height spectral variance, total precipitation
spectral variance, and wind spectral variance, the two-dimensional spectral coefficients are
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performed additive synthesis to obtain the relationship between variance and total wavelength.
Instead of adding the contribution 0%(m, n) only to wavenumber k as in Denis et al. (2002) [34], an
alternative method is to assign this contribution between the two wavenumbers k and k +1, using the
distance weight coefficients [38]. Different from the allocation method of variance in Ricard et al.
(2013) [38], the allocation is adjusted that the closer the distance, the stronger the weight. The weight
coefficients are distributed into wavenumbers k and k+1 as follows:

4 =0/(k+1)—0((m,n)

m o (k)= (k) W
_a(mn)— (k)

ol (k)= (k)

In the equation (4), a(m, n) is the standardized two-dimensional wavenumber, and the specific
meaning of and «&'(k+1) is a’(k) shown in Ricard et al. (2013) [38].

3. Results

3.1. Precipitation Distribution in Changbai Mountain Region and Selection of Study Region

Before spectral decomposition of terrain height field, wind field, and precipitation field, the
precipitation in Changbai Mountain region is analyzed first. Figure 1 shows the distribution of
monthly average precipitation in the Changbai Mountain region from June to September during the
period of 2008 to 2022. The precipitation in this region is concentrated from June to August, especially
in August (Figure 1c), which is mainly distributed in the southwest of Changbai Mountain. For a
better understanding of the relationship between the spatial distribution of precipitation and
topography, the terrain height of Changbai Mountain region and the total precipitation from June to
August averaged over 2008-2022 in this area are represented in Figure 2. As shown in Figure 2b, the
rainband presents a northeast-southwest distribution and the precipitation is mainly concentrated in
the areas between 40°N and 42°N and between 47°N and 48°N with three main centers at 129°E, 47°N,
125°E, 41°N and 127°E, 41.2°N, which have values of 450, 750 and 550 mm, respectively. The three
precipitation centers, distributed in steep terrain areas, are located in the Xiaoxing'an Mountain area
in the northwest of Changbai Mountain, the southwest part of the main Changbai Mountain Range,
and the eastern part of Jilin Province, respectively. Based on the distribution characteristics of
precipitation, three regions, namely domain A with limits of 126°E—130°E, 45.5°N—49°N (the
rectangular A in Figure 2), domain B with limits of 122.4°E—126.2°E, 40°N—42.5°N (the rectangular
B in Figure 2) and domain C with limits of 126.2°E—129.4°E, 41.2°N—45°N (the rectangular C in
Figure 2), are selected for the spectral analysis.
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Figure 1. Distribution of monthly average precipitation in Changbai Mountain region from 2008 to
2022 (Contour, Unit: mm) in (a) June, (b) July, (c) August, (d) September.
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Figure 2. (a) Topographic height of Changbai Mountain region (Shade, Unit: m) and (b) Distribution
of the total precipitation from June to August averaged over 2008-2022 in Changbai Mountain region
(Contour, unit: mm). The red rectangles indicate the three study areas (A, B, and C) in this study.

The terrain height fields of the three study areas are shown in Figure 3. It can be seen that the
western terrain of all three areas is relatively lower, whereas the rest areas showing the towering and
complex terrain with crisscrossing gullies. In Figure 3a, though domain A is relatively low-lying
compared to other two domains, there are still many high mountains and deep valleys, ravines,
mainly distributed in the northeast of this region, which is conducive to the accumulation and uplift
of water vapor, thus forming rainfall in this region. In Figure 3b, the mountain range presents a
northeast-southwest orientation in domain B, of which the southern part shows a trumpet-shaped
topography, which plays an essential role in the lifting of the low-level southwest air flow, thus
resulting in the rainfall mainly distributed in the trumpet-shaped area. In Figure 3c, the high
mountains are mainly located in the southeast of domain C, where the northwest terrain is relatively
flat. The terrain height increases gradually from the northwest to the southeast, and the precipitation
is mainly distributed in the southern region of the complex terrain.
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Figure 3. Terrain height fields in the study area A (a), B (b), and C (c). The study area locations are
plotted in Figure 2.

3.2. The Terrain Spectra of Changbai Mountain Region

The 2D-DCT routine is applied over the height values of the three study areas in Changbai
Mountain region, and the resulting spectra depict the distribution of terrain height variances in either
wavenumber (k) or wavelength (A = 1/k) (Figure 4). Terrain height variance spectra reveal the effect
of topographic dynamic forcing on the atmosphere, and the greater the spectral energy then the
stronger the topographic dynamic forcing [41]. As shown in Figure 4, the terrain height variance in
each domain declines with increasing k, implying that the topographic dynamic forcing weakens with
the gentleness of the topographic relief. In order to investigate whether there are isotropic features in
each study area, the distributions of terrain height variance versus wavelength (km) with the
wavenumber (0,0) as the starting point, and the angel (0) between the rays (as shown in Figure 4) and
the x-axes, are represented in Figures 5, 6 and 7, respectively. Because of the discreteness of terrain
height variance and the integer variables of the zonal and meridional wavenumbers, the angels
meeting with tan 6=1/4, 1/2, 1, 2, and 4 are used for analyzing. It can be seen that, along these angles
in each study area, the longer wavelength presents a larger terrain height variance, and the relatively
short wavelength corresponds to the smaller terrain height variance. The variance at the whole
wavelength bands is in an uptrend with increasing A, in spite of several departures. Also, the majority
of discrete points of terrain height variance are scattered at shorter wavelengths (A <1 km), under
which the values of the variance are basically less than 1.0 x 10 m2

A power law relationship between the terrain height variance (¢ ) and wavelength A in the form

of O = ak’ is fitted using the least squares method, and the relevant parameters 4, b and the
correlation coefficient r can be obtained by the fitting algorithm. The coefficient 4, representing the
terrain height variance when A = 1 km, reflects the intensity of topographic forcing. The exponent b,
which is the spectral slope of the fitting curve in the log-log space, indicates the terrain smoothness.
The smaller b shows the greater terrain height variance at shorter wavelength bands and videlicet the
more pronounced small-scale perturbation. The values of 4, b and r at the wavelength bands of A >1
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km for the five sections of the three study areas, are given in Table 1. It can be found that the values
of a and b have considerable differences among these sections in each domain. The average fitting
slopes b of the three study areas are 2.98, 2.70 and 2.91, respectively, indicating a pronounced
perturbation of large-scale topography in domain A and C. The minimum b of 2.70 implies that the
perturbation of small-scale topography is more significant in domain B. The exponent b varies from
2.70 to 2.98, indicating that the terrain of Changbai Mountain region is complex and there is difference
in the terrain features of different areas, though domain B and C are adjacent.

The values of maximum and minimum b in each domain can be obtained from Table 1. The
calculated ratios of the range of b (the difference between the maximum and minimum) to the average
value of b for domain A, B and C are 24.83%, 2.96%, and 10.31%, respectively. Similarly, the ratios of
the range of a to the average a for domain A, B and C are 143.33%, 80%, and 61.01%, respectively.
Obviously, the ratios of 24.83% and 143.33%, corresponding to domain A, are the largest in the three
study areas, which shows the most obvious anisotropy in the three domains. The minimum ratio of
2.96%, corresponding to domain B, indicates that the anisotropy in this region is the least significant.
However, the coefficient a varies considerably from 2.37 to 5.41, and the ratio of the range of a to the
average a reaches 80%, implying differing geographic coverage among these sections of domain B. It
shows that the overall terrain of Changbai Mountain region is complex and the anisotropy
characteristics are relatively obvious, indicating that simply using one-dimensional terrain spectra
may not better present the overall terrain characteristics of this region.

Table 1. Parameters of the least-square fitting relation o' =al’ (A =1 km) for the five sections in
each domain.

bomai g 1/4 1/2 1 2 4 Average
a (104) 0.21 0.27 0.50 0.94 1.07 0.60
A b 3.40 3.14 2.90 2.79 2.66 08
r 0.94 0.93 0.93 0.93 0.92
a (104 2.90 2.37 3.80 450 5.41 3.80
B b 2.75 2.78 2.70 2.70 2.59 2.70
r 0.93 0.94 0.91 0.92 0.91
a (104) 1.90 1.70 1.87 2.38 3.03 2.18
C b 2.74 2.77 3.03 3.04 2.95 2.91
r 0.90 0.90 091 0.92 0.91
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Figure 4. The logarithm distribution (Igo?) of two-dimensional terrain height spectral variance(c?) in
domian A (a), B (b), and C (c). x and y represent the zonal and meridional wavenumber axes,
respectively.
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Figure 5. The distribution of terrain height variance ( ¢*) versus wavelength ( A) with the
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and the x-axes, meeting with tan0 =1/4 (a), 1/2 (b), 1(c), 2 (d)and 4 (e) respectively for domain A.
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with tan0 =1/4 (a), 1/2(b), 1(c), 2 (d)and 4 (e) respectively for domain B.
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3.3. The Spectral Analysis of Terrain, Precipitation and Wind Field

In order to investigate the correlation between terrain spectra, total precipitation spectral
variance and average wind spectral variance, the relationship between variance and total wavelength
is obtained by performing additive synthesis on the two-dimensional spectral coefficients. Figure 8
shows the distributions of synthesized terrain height variance, total precipitation spectral variance,
and average wind spectral variance from June to August averaged over 2008-2022 with respect to A
in the three study areas. It can be seen that the majority of terrain height variance (solid line) is
distributed at larger wavelengths (A > 100 km), under which the values of the variance are basically
greater than 1000 m2. The dominant wavelengths (DWs) corresponding to the topographic spectral
peak, represent the most evident undulation of terrain and videlicet the maximum topographic
dynamic forcing. When the wavelength is shorter than the DW, the forcing mainly decreases with
decreasing A, in spite of several departures. In Figure 8b, the DW is 278.3 km, corresponding to the
maximum spectral energy of 4200 m? for domain B, less than the values for domain A and C. It
indicates that the large-scale topographic perturbations of domain B are relatively weak and the
topographic relief of domain B is gentler than that of the other two areas. However, the fluctuation
of terrain height variance is more pronounced when A < DW, indicating significant smaller-scale
topographic perturbations of domain B, which is consistent with the result of smaller b for domain B
obtained by the previous analysis. Moreover, the maximum topographic spectral energy of 2.6 x 10*
m? for domain C is larger than the values for the other two domains, indicating that the undulation
of terrain in domain C is the most pronounced. Also, as shown in Figure 8a,c, the overall fluctuations
of terrain height variance are relatively similar, and the DWs are both close to the respective
maximum wavelengths for domain A and C, indicating more prominent large-scale topographic
perturbations of domain A and C, compared to that of domain B.
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Figure 8. The distributions of terrain height variance (solid line), total precipitation variance (dashed
line), and average wind spectral variance (dotted line) from June to August averaged over 2008-2022
versus wavelength 4 for domain A (a), B (b), and C (c).

Further insight into the total precipitation spectral variance (dashed line in Figure 8) and wind
spectral variance (dotted line in Figure 8) is gain. It can be seen that the precipitation variance of the
three study areas is not exactly the same. The DWs correspond to the spectral peak of precipitation
in precipitation spectrum space. As shown in Figures 8a, the DW of precipitation is 390 km,
corresponding to the maximum spectral energy of 5200 mm? for domain A. When A <390 km, the
precipitation spectral variance decreases with decreasing A, whereas the trend of spectral variance is
downward with increasing A when A >390 km. The DWs of precipitation in Figure 8b,c are both close
to the respective maximum wavelengths for domain B and C, indicating that the precipitation
spectral variance increases with increasing A at the whole wavelength bands. Similarly, the wind
spectral variance of all the three domains has an upward trend with increasing A, corresponding to
the DWs of wind at the maximum wavelengths.

A further analysis is undertaken on the relation between the terrain height spectra, wind spectra
and precipitation spectra. Obviously, there is a strong correlation between the variances of the terrain
height, total precipitation and wind field in respective study regions.

For domain A, the variation of the precipitation spectral variance is consistent with that of the
wind spectral variance at the wavelength bands of A <390 km (the DW of precipitation), implying a
high correlation between wind field and the occurrence of rainfall. The inverse relationship between
terrain spectra and precipitation spectra appears at larger wavelengths of A >390 km, indicating that
many factors contribute to the occurrence of rainfall in this region. The distribution of summer
precipitation is actually influenced by both terrain and non-topographic factors.

In Figure 8b, it can be seen that there is consistency in the fluctuations of terrain spectra,
precipitation spectra, and wind spectra at the wavelength bands of A <278.3 km (the DW of terrain),
especially at the range of 50-100 km. The consistency shows that the small-scale terrain in this region
plays an important role in the uplift of atmosphere and therefore the occurrence and development of
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summer precipitation. When A >278.3 km, there is a reverse relationship of the variation between the
terrain height variance and the precipitation spectral variance, whereas the fluctuations of
precipitation spectra and wind spectra are relatively consistent. It indicates that the large-scale
topographic perturbations of domain B is relatively weak, and precipitation is mainly dominated by
certain precipitation weather systems.

For domain C, the fluctuations of terrain spectra, precipitation spectra, and wind spectra show
a significant positive correlation across the whole wavelength bands. The occurrence of resonance
between terrain, wind field, and precipitation implies that the large-scale terrain and minor terrain
both play a crucial role in atmospheric uplift and the occurrence and development of summer rainfall
in domain C. The precipitation systems are impacted by continuous periodic topographic forcing.
When the frequency of topographic forcing equals or almost equals the vibration frequency of the
precipitation systems or the background fields, the precipitation systems resonates with topographic
forcing, thus resulting in the formation of precipitation.

4. Discussion and Conclusions

The terrain of Changbai Mountain has great influence on the distribution of mesoscale
atmospheric flows and the occurrence and development of precipitation through dynamic processes.
However, quantitative studies on the real terrain characteristics and the terrain effect on precipitation
distribution are scant at present, and even fewer studies reference Changbai Mountain region. This
study quantitatively analyzes the distributions of terrain spectra, wind spectra and precipitation
spectra in this region, by using a spectral analysis of 2D-DCT. The regional characteristic of
topographic perturbations, the distribution characteristics of summer precipitation and the
relationship between terrain, wind field and precipitation in spectrum space are discussed. The main
conclusions are presented below.

The summer precipitation in Changbai Mountain region is mainly concentrated in August,
which is mostly distributed in the southwest of Changbai Mountain. The rainband of the summer
precipitation presents a northeast-southwest distribution and the precipitation is mainly
concentrated in the areas between 40°N and 42°N and between 47°N and 48°N, of which the terrain
is steep. Based on the distribution characteristics of precipitation, three domains with relatively heavy
precipitation are selected as the study region for the spectral analysis. The results of the two-
dimensional spectral decomposition of the terrain height field in each domain indicate that the overall
terrain of Changbai Mountain region shows anisotropic characteristics. The anisotropy of the terrain
in domain A is the most obvious among the three domains, while the terrain in the southwest of the
main Changbai Mountain Range shows the least significant anisotropy. The complex terrain implies
that only using one-dimensional terrain spectra may not better present the overall terrain
characteristics of this region, whereas the terrain spectra performing the 2D-DCT routine can
successfully demonstrate the anisotropic characteristics.

Through the comparison among the three spectral curves of synthesized terrain height variance
with respect to A in the three study areas, the values of the variance for domain B are basically less
than the values for domain A and C at the whole wavelength bands, indicating that the large-scale
topographic perturbations of domain B are relatively weak, and the topographic relief is gentler than
that of the other two domains. However, the smaller-scale topographic perturbations of domain B is
prominent because of undulation of terrain at the shorter wavelength bands. The dominating peak
value of terrain height variance for domain C is larger than the values for the other two domains,
indicating that the undulation of terrain in domain C is the most pronounced. Also, the dominant
wavelengths of terrain height variance for domain A and C are both close to the respective maximum
wavelengths and the overall fluctuation of terrain height variance for domain A is similar to that for
domain C, indicating more prominent large-scale topographic perturbations of domain A and C
compared to that of domain B. The distributions of the total precipitation spectral variance of the
three domains are not exactly the same. The DW corresponding to the spectral peak of precipitation
for domain A is 390 km, whereas the DWs for domain B and C are close to the maximum wavelengths,
respectively. It indicates that the precipitation spectra of domain B and C both increase with
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increasing A at the whole wavelength bands. Similarly, the wind spectral variance of all the three
domains has an upward trend with increasing A.

Based on the analysis of the relation between the terrain height spectra, wind spectra and
precipitation spectra, the variation of the precipitation spectral variance is consistent with that of the
wind spectral variance at the wavelength bands of A < 390 km for domain A, showing a high
correlation between wind field and the occurrence of rainfall. The inverse relationship between
terrain spectra and precipitation spectra at larger wavelengths indicates that many factors contribute
to the occurrence of rainfall and the terrain effect is weakened by other factors. For domain B, there
is consistency in the fluctuations of terrain spectra, precipitation spectra, and wind spectra at the
wavelength bands of A <278.3 km, implying that the dynamic forcing of the smaller-scale terrain has
an important effect on the occurrence of summer precipitation. When A > 278.3 km, a reverse
fluctuation exists between the terrain spectra and the precipitation spectra, indicating that the large-
scale topographic perturbations is relatively weak, and precipitation is mainly dominated by certain
precipitation weather systems. For domain C, the variations of terrain spectra, precipitation spectra,
and wind spectra are almost consistent across the whole wavelength bands. The occurrence of
resonance between terrain, wind field, and precipitation implies that the large-scale and smaller-scale
terrain both play a crucial role in atmospheric uplift and the occurrence and development of summer
rainfall in domain C.
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