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Abstract: Spectral analysis of terrain height variance is conducive to quantitatively study the terrain
characteristics and grid-size selection for mesoscale models. Improved topographic resolutions can
lead to the variations of terrain characteristics and the appropriate grid size for a fixed analyzed area.
Spectral methods of one-dimensional weighted average and arithmetic mean were used to investigate
the specific impact on the distribution of terrain spectra and grid-size selection for mesoscale models
of the landslide-prone areas in western Sichuan. The results indicate that the maximum spectral
energy (the variance of the terrain height series) of 30" resolution (R1) is larger than that of 90 m
resolution (R2), indicating a gentler undulation of terrain for R2. The spectral curve of R2 almost
overlaps with that of R1 because the difference in topographic resolution does not change the
dominant distribution of the topography. Their differing spectral energies at longer wavelengths are
related to the majority of grid points of R2 distributed at shorter wavelength bands. A least squares
fit in the form of S = aA? was used to estimate the decreasing trend of the spectral distribution.
The difference in spectral slope between R1 and R2 is mainly caused by the spectral energy of R2 at
shorter wavelengths. The exponent b is connected with grid-size selection for mesoscale models. A
universal horizontal grid size of 2.5 km for R1 and 1.9 km for R2 are required to resolve 95% of the
terrain height variance for a mesoscale model application without a subgrid-scale parameterization.
The simulation tests show that the improved topographic resolution appears to perform better in
reproducing precipitation, which is probably related to the finer details of the terrain recognized by
the model.

Keywords: spatial spectral analysis; weighted average; spectral slope; subgrid-scale terrain variations;
the universal grid size

1. Introduction

Several years have passed since the Wenchuan earthquake, but secondary disasters
caused by earthquakes pose another serious threat to local residents. Earthquakes result
in mountain cracking, which is prone to forming a debris flow when a certain amount of
precipitation occurs. Thus, it is crucial to focus on the study of rainfall in landslide-prone
areas in western Sichuan, where terrain plays a very important role in triggering precip-
itation 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 [1-8]. Much
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of the previous research has found that even the gently rolling, small-scale terrain has an
obvious effect on the distribution of the lower flows [9-14], thus affecting the distribution
of precipitation. The ability to accurately capture the main features of atmospheric flows
and rainfall distribution by the simulation relies heavily on resolving the primary terrain
features over the focused region [15]. Since topography is a major driving force of the
mesoscale atmospheric processes involved, the grid size and the domain of nested grids
should be primarily influenced by local topography. However, accurate studies of the
suitable model resolution for mesoscale models of the fixed domain are scant. An ultra-
height model resolution for modeling will lead to typical numerical instability, making
artificial rising of wave amplitudes for wave lengths between 2 and 4 distances of grid
spacings. Suitable grid-size selection for filtering helps to retain major waves, filter out the
short-wave disturbance in numerical integration, and effectively suppress the instability
of nonlinear calculation [16]. The increase in model resolution also produces a significant
calculation error of pressure gradient force, especially in steep terrain, though it helps the
model to capture smaller-scale terrain and sharper topographic gradient. Thus, analysis
of the terrain height variance is a necessary (although not sufficient) step in the process of
establishing the suitable model resolution for a mesoscale model application [16].

Pielke and Kennedy (1980) [17] 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) [18] 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 [15,19-22]. Additionally, the spectral
analysis of terrain height variance is associated with grid-size selection for mesoscale
models [18,23]. The dominant wavelengths of terrain variance, represented by the terrain
spectra in wavenumber (k) space or wavelength (A = 1/k) space, facilitate the selection
of the required grid size to resolve topographic perturbations without a subgrid-scale
parameterization in mesoscale models. However, previous values of the grid spacing
vary considerably due to different landscapes of differing focused areas [18-20,23,24]. It is
essential to individually determine the required grid spacing for mesoscale models of each
region (e.g., the landslide-prone areas).

The computed horizontal grid size relies on the domain length and the topographic
resolution selected for the model. Related studies have suggested that the shorter model
domain length corresponds to the smaller gird size under the same topographic resolu-
tion [18,20,23,24]. However, studies on the impact of the improved topographic resolution
on the maximum grid size, which the majority of terrain can be resolved for mesoscale
models of the fixed domain coverage, are scant. For example, terrain data with a 30"
resolution are usually used for mesoscale model applications. To investigate the fine detail
of the terrain and, therefore, its effect on mesoscale atmospheric flows and precipitation
distribution, the topographic resolution should be improved for mesoscale simulations in
landslide-prone areas. How do the terrain spectra and the maximum grid size vary with
the increased topographic resolution, and what causes these variances? The aim of this
study was to explore the impact of the improved topographic resolution on the distribution
of terrain spectra and grid-size selection for mesoscale models of the landslide-prone areas
in western Sichuan. In this paper, the topographic data, the selected study area, and the
spectral analysis method are presented in Section 2. The results of the impact of improved
topographic resolution on the distribution of terrain spectra and grid-size selection for
mesoscale models in the landslide-prone areas are presented in Section 3. The discussion
and conclusions are summarized in Section 4.

2. Data and Methods
2.1. Data and Site

For this study, a region of landslide analysis with limits of 102.86°-104.16° E,
30.52°-31.72° N was selected. It covers an area of 123.6 x 133.6 km centered approxi-
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mately in the epicenter (Wenchuan County), on the east border of the Tibetan Plateau
in western Sichuan. Since the Wenchuan earthquake, several experimental campaigns
have been carried out in this area for studying the slope runoff and infiltration [25-28]
(Xu et al. 2012; Song et al. 2013; Gan et al. 2016; Li et al. 2016). Other works concerning
landscape evolution and rainfall also have focused on this area [29-34] (Jiang and Li 2008;
Yin et al. 2009; Fang et al. 2012; Li et al. 2018; Liu et al. 2018; Xie et al. 2018). The region is
broadly considered to be a representative experimental site of the landslide-prone areas for
investigating the influence of various aspects after the earthquake.

Two different topographic databases were used in this study. The gridded and quality-
controlled global land base elevation database with 30" resolution (R1) from the United
States Geographical Data Center for its wide use for mesoscale modeling purposes, and
the latest SRTM 90 m digital elevation database (R2), originally produced by National
Aeronautics and Space Administration (NASA), were both used for the spectral algorithm.
The topography distribution over the studied region in western Sichuan with the two
topographic resolutions is shown in Figure 1. A region of landslide analysis with limits
of 102.86°-104.16° E, 30.52°-31.72° N was selected. Although the topography distribution
of R1 (Figure 1a) is basically the same as that of R2 (Figure 1b), a slight deviation exists
in small areas (e.g., steep mountains). The increased topographic resolution produces a
sharper topographic gradient and a finer terrain detail over transition zones between plains
and mountains. The difference of the terrain characteristics affects the distribution of the
terrain spectra and grid-size selection for mesoscale models, which will be described below
in detail. In addition, the study region with 30" resolution corresponds to the zonal and
meridional grid points of 157 and 145, respectively. The actual topographic resolutions in
the zonal and meridional directions are 792 and 928 m, respectively. For R2, the zonal grid
points of 1561 and the meridional value of 1441 correspond to the approximate resolutions
in the zonal and meridional directions of 79.2 and 92.8 m, respectively.
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Figure 1. The topography distribution over the studied region in western Sichuan with (a) 30"
resolution and (b) 90 m resolution (shaded, unit: m). The position of Wenchuan County is plotted as
a dot. Black line indicates the cross-section along 31° N.

2.2. Methods

Since the terrain is two-dimensional, it is preferable to use a two-dimensional spectral
analysis to depict the characteristic of a given terrain. 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. A quasi two-dimensional
spectral algorithm for handling a large amount of topographic data greatly decreases
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the computational effort. Both the one-dimensional weighted average method and one-
dimensional arithmetic mean were used to investigate the terrain spectra. The weighted
average method, highlighting the weight contribution of each point to others when cal-
culating, is more accurate in describing the terrain cross-section and the distribution of
topographic disturbance spectra in the zonal and meridional directions. The arithmetic
mean method, supposing the equal weight of each point, cancels out the large and small
topographic spectral energy (the variance of the terrain height series). However, it is reliable
in reflecting the intensity of the terrain effect, which can be used to reveal the amplitude
difference of topographic perturbations between the zonal and meridional cross-sections in
the same area.

The meridionally arithmetic mean zonal topographic profile (i(j)) and zonally arith-
metic mean meridional profile (%(i)) are computed as follows:

W) = 2 i) i=12 - M, 0

N
h(i):%Zhj(i),j:1,2,~-N, @

where i and j represent the meridional and zonal grid, respectively, and M and N are the
meridional and zonal grid points, respectively. The definition of the topographic energy,
and the algorithm of the meridionally weighted average zonal topographic profile and
zonally-weighted average meridional profile, can be found in Wang et al. (2019) [22]. Using
the one-dimensional weighted average and arithmetic mean method, the meridionally
averaged zonal topographic height series, and zonally-averaged meridional height series
can be acquired, respectively. The terrain height variance spectra of the resulting series
are determined by the algorithm of a discrete Fourier transform (DFT), and the resulting
spectra (actually the mean-squared amplitude) depict the topographic distribution in k
space or A space.

For a model application, terrain height variations can be divided into two ranges: those
with wavelengths greater than 2Ax (Ax is the grid size for mesoscale models) resolved by the
model, and those with wavelengths less than 2Ax; the subgrid-scale terrain variations not
resolvable [15]. Generally, the subgrid-scale terrain effect can be approximatively resolved
by the parameterization of the subgrid-scale flux terms. However, for the uncertainty
of the parameterization, a sufficiently small Ax is required to ignore the subgrid-scale
effect. A least squares fit is used to estimate the relationship between the terrain height
spectra (S) and variable A in the form of S = aA’. A two-dimensional spectrum analysis
can be achieved using a two-dimensional fast Fourier transform (2DFFT). The minimum
wavenumber (maximum wavelength) resolvable for a specific terrain is 1/L (L is the
model domain length, Lx and Ly correspond to the zonal and meridional domain length,
respectively), and the shortest wavelength (maximum wavenumber) in the measured
spectra is 26x (dx is the grid resolution of the terrain data). Assuming that a numerical
model cannot resolve any characteristic with a length scale less than 2Ax, and that an
acceptable representation may require 4Ax length scales, the ratio of the subgrid-scale
terrain height variance to the model-resolved terrain height variance (r) is [23]

1/(20x) 1/(25x)
fl/(zmi f1/(4A;C S (kx, ky)dkdk,

(©)
1/(abx) (1/(4A
f/Lx K 1/L x)s(kx'ky)dkxdky

However, this method is computationally intensive, and is thus an inconvenient
and uneconomical method for obtaining optimum model grid spacing [15]. Young and
Pielke (1983) verified that spatial spectral analysis of a two-dimensional topographic profile
can be replaced by a one-dimensional profile. The one-dimensional algorithm along
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several adjacent cross sections of terrain has been widely used for the convenience of
calculation [15,19,20,24]. Based on the type of S = aAb ris

1/(26x)
1) S(K)dk

e @
MBS (k) dk

The expression (4) integrates to

Axb=1 — gyb-1
r= b—1 ®)
(nAx/2)"7" — Axb-1

where nAx is the model domain length, and L = nAx. The value of the exponent b is used to
estimate the horizontal grid spacing for mesoscale models. When calculating the grid size,
both the weighted-average method and the arithmetic mean can smooth out the small-scale
terrain. It is not advisable to fit the power exponent based on the terrain height spectra
obtained by these two methods. Accurate b and, therefore, computed grid spacings for each
region can be obtained by investigating many zonal and meridional terrain cross sections
with an appropriate interval [18,19]. The minimum grid spacing, not optimal for many
mesoscale modeling, applies to study every case in a specific area.

3. Results
3.1. The Terrain Spectra with Different Resolutions

The zonal and meridional distributions of weighted-average terrain height variance
spectra versus wavenumbers (km~!) with two topographic resolutions are represented in
Figure 2. As the discreteness of terrain data results in the insignificance of the wavelengths
less than twice the grid resolution, the minimum measured wavelength in spectrum space is
twice the terrain resolution. In Figure 2a, the smallest wavelength is 1.59 km (k = 0.63 km™1)
for R1 (black line) and 0.16 km (k = 6.3 km™!) for R2 (red line). The spectral energy for
1.59 km < A <10 km (R1) and 0.16 km < A < 10 km (R2) is close to zero, implying that the
terrain spectra energy in these wavelength bands is not dominant in the whole study region.
It can be found that the maximum topographic spectral energy is 3.6 x 10° m? km (R1)
and 3.2 x 10® m? km (R2) in the zonal direction, indicating that the increased topographic
resolution produces a gentler undulation of terrain. The dominant wavelengths (DWs)
corresponding to the topographic spectral peak are both 61.8 km for R1 and R2 in the zonal
direction (Figure 2a), showing the most evident undulation of terrain and videlicet the
maximum topographic dynamic forcing. When A < DW, the spectral energy (the forcing)
mainly declines with decreasing A, in spite of several departures.

Similarly, in the meridional direction (Figure 2b), the smallest resolvable wavelength
is 1.86 km for R1 (black line) and 0.19 km for R2 (red line). The maximum topographic
spectral energy is 5.7 x 10° m? km (R1) and 4.8 x 10° m? km (R2), corresponding to the
same DW of 44.5 km. Moreover, as shown in Figure 2, the spectral peak in meridional
direction is about an order of magnitude less than the value in zonal direction, indicating
a weaker topographic dynamic forcing in meridional direction. When A < 44.5 km, the
topographic forcing weakens with decreasing A, though there are sporadic departures
(A =26.7 km) from this trend for the actual complex terrain.

The zonal and meridional distributions of arithmetic-mean terrain height variance
spectra (Figure 3) are about the same as that of weighted-average terrain height variance
spectra (Figure 2). The obtained DWs by these two methods are both 61.8 km in zonal
direction and 44.5 km in meridional direction, and the spectral energy curves of R1 and R2
are basically the same. In addition, no matter in zonal direction or in meridional direction,
the order of magnitude of the maximum spectral energy obtained by arithmetic mean is
the same as that obtained by weighted average, and the maximum spectral energy of R1 is
larger than that of R2. However, subtle differences between the arithmetic-mean terrain
spectra and the weighted-average terrain spectra exist objectively, especially at DWs. As
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shown in Figure 3, the maximum topographic spectral energy is 3.3 x 10° m? km (R1)
and 2.5 x 10° m? km (R2) in zonal direction (Figure 3a), less than the values obtained
by weighted average. In meridional direction (Figure 3b), the maximum topographic
spectral energy is 7 x 10° m? km (R1) and 6.3 x 10° m? km (R2), both larger than the values
obtained by weighted average. The changes of the maximum spectral energy in the zonal
and meridional directions by the two algorithms just show the different characteristics of
these two methods.
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Figure 2. The weighted-average terrain height variance spectra (a) in zonal direction and (b) in
meridional direction. Black curve and red curve correspond to 30" resolution and 90 m resolution,
respectively.
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Figure 3. The arithmetic-mean terrain height variance spectra (a) in the zonal direction and (b) in the
meridional direction. Black curve and red curve correspond to 30" resolution and 90 m resolution,
respectively.

The distribution of the terrain spectra with these two topographic resolutions along
31° N is also shown in Figure 4. The cross-section region indicated by the black line in
Figure 1 represents the complex terrain across the Wenchuan County. It can be seen that
the distribution of the topographic spectral energy along 31° N is almost the same as the
meridionally averaged zonal spectral energy (Figures 2a and 3a). They correspond to the
same DW of 61.8 km, and the maximum topographic spectral energy of R1 is always larger
than that of R2. In addition, the maximum spectral energy is 15 x 10° m? km (R1) and
11.5 x 10° m? km (R2) (Figure 4), much larger than the values of the averaged zonal spectral
energy, implying the significant differences of the topographic spectral energy in different
zonal locations. Moreover, as shown in Figures 2—4, the spectral energy of R2 almost
overlaps with that of R1, no matter along 31° N or in zonal and meridional direction. It is
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understandable because the variation of topographic resolution basically does not change
the dominant distribution of topography for the same region. Moreover, from a statistical
standpoint, the total energy of the power spectrum defined in the spatial domain is exactly
the variance of the terrain height series, from which a linear trend of the topographic profile
has been subtracted. This total energy or total variance can be decomposed into the sum of
energy or variance at each wavelength, which basically remains unchanged for the same
domain when the topographic resolution changes, according to the definition of variance.
So, under the same wavelengths (e.g., A > 1.59 km in zonal direction), the spectral energy
of R2 (the variance) changes little though the number of grid points increases compared to
that of R1. On the other hand, although the spectral energy of R1 shows values that are
much closer to R2 at A > 1.59 km in zonal direction and A > 1.86 km in meridional direction,
the differences between them exist objectively, especially at DWs. As the mathematical
expectation of the disturbed terrain height series is zero, the total energy or total variance
is almost invariable for the same domain length, no matter how the topographic resolution
changes. The higher resolution corresponds to more grid points, for example, the zonal
number of grid points of R2 is 4801, 9 times more than that of R1, so the majority of grid
points are scattered at the wavelength bands of A < 1.59 km. The spectral energy at the
wavelength bands of A > 1.59 km decreases correspondingly compared to that of R1, thus
causing the differences at each wavelength.

6
15 310 ‘
61.8 km —30" of resolution
' —90 m of resolution
£ 107 ]
X
2
£
<
w 5- i
0 Il
102 107! 10°

k /km™

Figure 4. Terrain height variance spectra for the cross section along 31° N. Black curve and red curve
correspond to 30" resolution and 90 m resolution, respectively.

A further analysis is undertaken on the relation between the terrain height spectra
(S) and variable A. As mentioned above, the longer wavelength presents a larger spectral
energy, and the relatively short wavelength corresponds to the smaller spectral energy.
The trend of the spectral distribution at the wavelength bands of A < DW is basically
downward with decreasing A. A least squares fit in the form of S = aA? is used to estimate
the decreasing trend that is close to the exponential form. The parameter 4 in this equation
represents the variance of the terrain height when A = 1 km, and the exponent b is the
spectral slope of the fitting curve in the log-log space. The smaller b shows the greater
terrain variance at the shorter wavelength bands and videlicet the stronger small-scale
topographic forcing. It is commonly reported that topographic spectra obey this power law
relationship and considerable attention has been devoted to the exponent b [35-41].

As the distribution of the topographic spectral energy for the cross section along 31°
N is almost the same as the weighted-average spectra and the arithmetic-mean spectra,
the weighted-average terrain spectra are only selected to analyze the exponent b. In
Figure 5a, zonal distribution of the weighted-average terrain height variance spectra in
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the log-log coordinate are represented. Each discrete point, representing the value of
spectral energy, is an individual element from the one-dimensional DFT array. The dashed
line is the fitting spectral slope of R1 and the solid line represents the slope of R2. In
the log-log space, the relationship between the variables is transformed into the form of
lgS = —b -1gk + 1ga. Obviously, the fitting slope, which shows a downward spectral energy
trend, is exactly the value of —b (Figure 5a). It can be found that the fitting slope of R1 is
—2.2, corresponding to the exponent b of 2.2. In view of a similar roll-off in spectral energy
between R1 and R2 at the wavelength bands of A > 1.59 km (k < 0.63 km™1), the spectral
slope of R2 is also approximately —2.2 at the same bands. Although the spectral slope
(—2.2) is relatively gentle at k < 0.63 km~!, there is a marked steepening of the spectral
slope of R2 at k > 0.63 km ™!, thus causing the fitting spectral slope of —2.42 at the whole
wavelength bands. Obviously, the difference of the slopes is mainly caused by the spectral
energy of R2 at higher wavenumber bands. The deviation of the zonal spectral energy
between R1 (the extension of the slope) and R2 at k > 0.63 km ! is presented in Figure 5b.
Conceivably, the positive deviation shows a smaller spectral slope of R2 (b > 2.2) and the
negative deviation corresponds to the larger slope (b < 2.2). Therefore, the positive value
shown in Figure 5b explains the decrease of the spectral slope of R2.

— ———————ey R 170
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Figure 5. (a) The zonal terrain height variance spectra in the log-log coordinate and (b) the devia-
tion of the spectral energy between 30" resolution and 90 m resolution above the wavenumber of
1.59 km~!. The dashed line is the fitting spectral slope of 30" resolution based on the black dots and
the solid line represents the slope of 90 m resolution based on the red dots.

Further insight into the positive deviation, which results in the decrease of the spectral
slope (the increase of b), is gained. In general, the increased topographic resolution (R2)
presents finer terrain features and, therefore, more actual topographic amplitudes at shorter
wavelengths (the red dots at A < 1.59 km in Figure 5a). These terrain spectra are less than the
fitting values of R1, because the prominent terrain height variance at longer wavelengths
(A >1.59 km) can result in larger amplitudes by lengthening the fitting least-squares regres-
sion line of R1. Therefore, the larger spectral energy of R1 at shorter wavelengths leads
to the positive deviation between R1 and R2, and this deviation declines with increasing
k (Figure 5b). Meanwhile, in consideration of the similar spectral energy of R1 and R2 at
longer wavelengths, the spectral energy deviation of R2 between longer wavelengths and
shorter wavelengths is more obvious than that of R1. Moreover, as mentioned before, the
majority of discrete points of R2 are scattered at shorter wavelengths, where the roll-off in
spectral energy is remarkable. The overwhelming advantage in number plays a leading
role in fitting the spectral slope of R2, thus increasing the decrease of the spectral slope. For
these reasons, the zonal spectral slope of R2 is much smaller than that of R1.

Similarly in meridional direction (Figure 6a), the fitting spectral slope of R1 is —2.29
and the slope of R2 is —2.44, corresponding to the exponent b of 2.29 and 2.44, respectively.
The downward spectral energy trend of R2 at longer wavelengths (A > 1.86 km) is more
obvious compared to R1 at shorter wavelengths (A < 1.86 km). This difference is mainly
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caused by the positive deviation of the meridional spectral energy between R1 and R2
at shorter wavelengths, shown in Figure 6b. In addition, the exponent b of R1 (or R2)
in meridional direction is less than that in zonal direction, indicating a smoother terrain
surface in meridional direction. Moreover, through numerous tests in different regions
(figures not shown), the spectral slope of R2 is always less than that of R1, implying that the
increased topographic resolution results in the decrease of the spectral slope (the increase of
b) under the same domain length. This further affects the selection of grid size for mesoscale
models, which will be analyzed in detail in the following section.
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Figure 6. (a) The meridional terrain height variance spectra in the log-log coordinate and (b) the
deviation of the spectral energy between 30" resolution and 90 m resolution above the wavenumber
of 1.86 km~!. The dashed line is the fitting spectral slope of 30" resolution based on the black dots
and the solid line represents the slope of 90 m resolution based on the red dots.

3.2. The Relationship between the Grid Size and the Exponent b

Pielke and Kennedy (1980) [17] first obtained an upper bound of Ax for west-central
Virginia by integrating the area under terrain height spectra and specifying a percentage of
model-resolved terrain height variance to total terrain height variance. The same procedure
can be used to estimate the grid spacing for mesoscale models of any terrain. For example,
Young and Pielke (1983) [18] determined the suitable grid spacing of 2.75-7.5 km to resolve
90% of the terrain variance for different terrain cross sections. Salvador et al. (1999) [23]
obtained a grid spacing of 10 km for the whole Iberian Peninsula, using a model-resolved
terrain percentage of 95%.

As mentioned before, the value of the exponent b, which fits the terrain height vari-
ance spectra on a logarithmic scale, is used to determine the horizontal grid spacing for
mesoscale models. Every terrain cross section is analyzed to obtain the exponent b and Ax,
by computing Equation (5) with specified percentage of r in advance. It is troublesome to
pick out the minimum Ax through calculating many different fitting exponents. Finding a
mathematical relationship between Ax and b can improve calculation efficiency consider-
ably. Wang et al. (2015) [15] proved that Ax is a monotonically increasing function with
respect to b, indicating that the minimum Ax is determined by the minimum b. The result
that Ax increases with increasing b can also be obtained by analyzing the distribution of
the topographic spectral energy in the log-log coordinate (Figures 5a and 6a). In Figure 5a,
there is a similar distribution of the topographic spectral energy between R1 and R2 at the
wavelength bands of A > 1.59 km, whereas a significant reduction in spectral energy of R2
exists at shorter wavelengths (A < 1.59 km) compared to R1. The positive deviation of the
spectral energy between R1 and R2 (Figure 5b) indicates that the increased topographic res-
olution results in the decrease of the spectral energy at shorter wavelengths. It is assumed
that the spectral slopes of R1 and R2 represent the terrain height variance for two cross
sections of a fixed region under the same topographic resolution. In order to obtain the
same r with R1, Ax must move along opposite direction of the X-axis (Figure 5a) to increase
the subgrid-scale terrain height variance of R2, thus increasing the value of Ax.
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3.3. Universal Grid Sizes for Mesoscale Models of the Landslide-Prone Areas with Different
Topographic Resolutions

Since the value of Ax decreases with decreasing b, the universal grid spacing for the
model domain is determined by the minimum b. The study region is divided into seven
cross sections in zonal and meridional directions, respectively, each with an interval of 0.2°.
The values of a and b for each of the fourteen cross sections of R1, based on the least squares
best fit relation S = aA?, are given in Table 1. The coefficient a, having a considerable
difference among these cross sections, represents differing topographic forcing. The value
b, varying from 1.80 to 3.01, reflects dissimilar terrain smoothness.

Table 1. Parameters of the least squares fit relation S = a)\b , for fourteen terrain height variance
spectra of 30" resolution (R1) for the landslide-prone areas in western Sichuan.

Data Set a b

30.52° N 158.9 291
30.72° N 466.7 1.80
30.92° N 212.0 2.78
31.12° N 721.7 2.16
31.32° N 376.2 3.01
31.52° N 537.9 2.69
31.72° N 469.8 2.81
102.86° E 705.4 2.30
103.06° E 461.2 2.83
103.26° E 607.4 2.49
103.46° E 389.5 2.7
103.66° E 398.2 2.32
103.86° E 861.3 2.00
104.06° E 131.2 2.80

In the zonal direction, the minimum b of 1.80 for R1 among seven terrain cross
sections can be obtained. For the spectral relationship in the form of S = aA!®, the
ratio of subgrid-scale terrain height variance to model resolved terrain height variance is

( 11//225?()( ak=18dk) / ( 11//2"AAXX ak~18dk). It integrates to

Ax08 _ 508
(nAx/2)"® — Ax08

(6)

nAx is 123.6 km for a zonal distance of the study region, and 6x = 0.793 km. The
values of percentages of resolved terrain height variance and computed model grid sizes,
are tabulated in Table 2. Supposing that resolving 95% of the terrain variance of R1 gives
adequate consideration in terrain effects of the model domain, a zonal grid size of 2.5 km
is required without a subgrid-scale parameterization for the landslide-prone areas. A
minimum b of 1.84 for R2 is also obtained among seven cross sections in the zonal direction
(table not shown). For the same domain, nAx = 123.6 km, but 6x = 0.079 km for R2. Several
calculated grid spacings, corresponding to the same percentages of resolved terrain height
variance as in Table 2, are given in Table 3. A zonal Ax of 1.9 km or finer is appropriate
to correctly consider the overall terrain effects of R2, which is smaller than the value of
Ax for R1 (2.5 km). As mentioned above, Ax increases with increasing b under the same
topographic resolution. The decrease of Ax for R2 is mainly caused by the improved
topographic resolution (5x).

Similarly, in the meridional direction, based on the minimum b of 2.0 (R1) and 2.09 (R2),
values of computed grid resolutions are listed in Tables 4 and 5, respectively. It is evident
that 4.1 km (R1) and 4.2 km (R2) are likely maximum allowable values of meridional grid
spacings to resolve the overwhelming majority of terrain height variance. Furthermore,
both the grid sizes of R1 and R2 in the meridional direction (Tables 4 and 5) are larger
than that in the zonal direction (Tables 2 and 3). The upper bounds of Ax for the whole
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study region, corresponding to different percentages of resolved terrain height variance,
are actually the values given in Tables 2 and 3, respectively. Thus, for every case study to
resolve the vast majority (95%) of the terrain effects for a mesoscale model in the landslide-
prone areas without a subgrid-scale parameterization, the required grid spacings are 2.5 km
for R1 and 1.9 km for R2, respectively.

Table 2. The resolved terrain height variance of R1 for model resolution and the ratios of unre-
solved /resolved topography (r) in mesoscale model. nAx = 123.6 km and dx = 0.793 km.

Ratio of Percentages of Resolved
The Zonal Ax (km) Unresolved/Resolved jages .
Terrain Height Variance
Topography (r)
9.6 0.25 80%
7.2 0.18 85%
4.7 0.11 90%
2.5 0.05 95%

Table 3. The same as in Table 2, but for 90-m topographic resolution (R2). nAx = 123.6 km and 6x =
0.079 km.

Ratio of Percentages of Resolved
The Zonal Ax (km) Unresolved/Resolved . 8 . .
Terrain Height Variance
Topography ()
9.2 0.25 80%
6.6 0.18 85%
41 0.11 90%
1.9 0.05 95%

Table 4. The same as in Table 2, but nAx = 133.6 km and dx = 0.93 km.

Ratio of Percentages of Resolved
The Meridional Ax (km) Unresolved/Resolved S ages .
Terrain Height Variance
Topography (r)
14.1 0.25 80%
11.0 0.18 85%
7.5 0.11 90%
41 0.05 95%

Table 5. The same as in Table 4, but for R2. nAx = 133.6 km and 6x = 0.093 km.

Ratio of Percentages of Resolved
The Meridional Ax (km) Unresolved/Resolved . 8 . .
Terrain Height Variance
Topography
15.3 0.25 80%
11.9 0.18 85%
8.0 0.11 90%
4.2 0.05 95%

3.4. Model Sensitivity to Grid Sizes with Different Topographic Resolutions

To show the effect of differing grid sizes on a mesoscale model with different to-
pographic resolutions and better illustrate the results obtained by the spectral method,
several simulations using the advanced regional prediction system (ARPS) with different
grid spacings were performed. In our previous study [15], the simulations under R2 with
different grid resolutions (Table 3) showed that the model captured more features of the
observed rainfall distribution as the grid size decreased. When the grid size was on the
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order of 4.1 km or less, the model improved only slightly in terms of the spatial distribu-
tion of precipitation. In order to show how the improved topographic resolution works
on the grid sizes, the simulation of T-2.5, which corresponds to 95% of resolved terrain
variance of R1, is added for the comparison with T-1.9 [15]. The model physics packages of
T-2.5 are consistent with that of T-1.9. As shown in T-2.5 (Figure 7c), the simulated result
roughly reproduces the shapes of precipitation areas and zones of maximum precipitation
(Figure 7a). The extent and rain rates at some locations are highly overestimated (e.g.,
30.75° N, 103.45° E, and 31.1° N, 103.5° E), and the false precipitation center at 30.9° N,
103.5° E arises compared to the observed location. The simulation of T-1.9 (Figure 7b)
appropriately produces similar areas of precipitation as well as the maximum precipita-
tion, despite a slight disparity in range compared to the observed precipitation centers.
In addition, the maximum precipitation also shows values much closer to the observed
maximum.

i B30315H 5031.5N

1029E 103.2E 1035 1038F 104.1E

10296 10326 1035E  1038E 1D40E

Figure 7. The 1-h accumulated precipitation (shaded, unit: mm) at 1800 UTC 9 July, 2013; (a) observed
precipitation; (b) simulated precipitation under R2 with 1.9-km grid size; (c) simulated precipitation
under R1 with 2.5-km grid size.

Overall, although the simulation tests of T-2.5 and T-1.9 appear to perform well in
estimating the observed precipitation, the model result in T-1.9 is better than the simulation
of T-2.5 in terms of the spatial distribution and intensity. The result of the tests indicates
that although the model using the selected grid spacings of 2.5 km for R1 and 1.9 km for R2
can both capture the majority (95%) of the terrain characteristics for a mesoscale modeling,
the improved topographic resolution appears to obtain better simulation performance in
precipitation and corresponding atmospheric flows (figure not shown).This is probably
related to the finer detail of the terrain recognized by the model using the improved
topographic resolution. Thus, it is recommended to drive the mesoscale modeling using
the improved topographic resolution for better simulation results, especially in the regions
of complex topography.

4. Discussion and Conclusions

The representation of the terrain height variance in spectrum space is conducive to
quantitatively study the terrain characteristics of a fixed analyzed area (e.g., the landslide-
prone areas in western Sichuan). This process can be accomplished by a spectral analysis of
terrain heights using the DFT. Quasi two-dimensional algorithms of terrain height series
are used to investigate the terrain spectra. The resulting spectra with two topographic
resolutions (30" and 90 m) are presented to depict their differences. The maximum spectral
energy of R1 is larger than that of R2, indicating that the increased topographic resolution
produces a gentler undulation of terrain. The spectral curve of R2 almost overlaps with
that of R1 both in zonal and meridional direction because the difference of topographic
resolution does not change the dominant distribution of topography. It can be also ex-
plained from a statistical standpoint—that the terrain height variance (exactly the spectral
energy) basically remains unchanged at each wavelength for the same domain when the
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resolution changes. The differences between the spectral energy of R2 and that of R1 at
longer wavelengths are mainly caused by part of spectral energy of R2 distributed at shorter
wavelengths.

The trend of the spectral distribution at the wavelength bands of A < DW is basically
downward with decreasing A. A least squares fit in the form of S = aA? is used to estimate
this decreasing trend. In logarithmic space, the fitting spectral slope, exactly the value of
—b, shows the roll-off in spectral energy. The obvious difference in spectral slope between
R1 and R2 is mainly caused by the spectral energy of R2 at shorter wavelengths. The
positive deviation of the spectral energy between R1 and R2 at shorter wavelengths causes
the decrease of the spectral slope of R2. Meanwhile, the majority of discrete points of R2
are scattered at shorter wavelengths where the roll-off in spectral energy is remarkable.
The overwhelming advantage in number illustrates a major role these points play in fitting
the spectral slope of R2, thus deepening the decrease.

The exponent b is related to the selection of grid spacing for mesoscale models. Dif-
ferent topographic resolutions correspond to dissimilar spectral slopes and therefore the
discrepant horizontal grid spacings. The minimum grid spacing for the model domain is
determined by the minimum b, by giving the fixed domain length and the percentage of
resolved terrain height variance. The computed upper bound of grid spacing is greater
in the meridional direction than that in the zonal direction. A universal horizontal grid
size of 2.5 km for R1 and 1.9 km for R2 are necessary to resolve 95% of the terrain height
variance for mesoscale models of the landslide-prone areas, without resorting to the param-
eterization of subgrid-scale terrain effects. The effect of differing grid sizes on a mesoscale
model with the two topographic resolutions is analyzed by several simulation tests. The
improved topographic resolution appears to perform better in reproducing precipitation
and corresponding atmospheric flows, which is probably related to the finer detail of the
terrain identified by the model. It is recommended to drive the mesoscale modeling using
the improved topographic resolution for better simulation results, especially in the regions
of complex topography.

We should note that a designated domain coverage should be large enough to include
the majority of terrain features, which might influence the atmospheric flows. When the
model domain is determined in advance, the horizontal grid size depends only on the
selected terrain resolution. Although the inclusion of 95% of the terrain height variance
should be good enough to capture the majority of terrain influence on the basic flows, it
does not mean that the subgrid-scale terrain effect is fully resolved. A small proportion of
unresolved topography (5%), corresponding to the negligible topographic spectral energy,
indicates weak dynamic forcing that can be ignored. It is hard to assure whether resolving
95% of the terrain variance is adequate for an application of mesoscale models. However,
the study provides a method to calculate the terrain variance. In addition, the spectral
analysis of terrain height variance for the selection of the grid size is not, of course, the
only prior analysis that should be made in any mesoscale model application. There are
other more important considerations on the numerical resolution for mesoscale models,
for example, the needs to resolve convection (the most important element for precipitation
modeling), and numerical diffusion that often renders the effective resolution to a factor
five to seven times larger than actual model grid spacing. However, the terrain spectra
provide some constraint on the required horizontal grid spacing and a reference for others
simulating the orographic flow without resorting to the parameterization of subgrid-scale
terrain variance for mesoscale models.
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