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ABSTRACT

Terrain characteristics can be accurately represented in spectrum space. Terrain spectra can quantitatively reflect the
effect of topographic dynamic forcing on the atmosphere. Inwavelength space, topographic spectral energy decreases with
decreasing wavelength, in spite of several departures. This relationship is approximated by an exponential function.A power
law relationship between the terrain height spectra and wavelength is fitted by the least-squares method, and the fittingslope
is associated with grid-size selection for mesoscale models. The monotonicity of grid size is investigated, and it is strictly
proved that grid size increases with increasing fitting exponent, indicating that the universal grid size is determinedby the
minimum fitting exponent. An example of landslide-prone areas in western Sichuan is given, and the universal grid spacing
of 4.1 km is shown to be a requirement to resolve 90% of terrainheight variance for mesoscale models, without resorting
to the parameterization of subgrid-scale terrain variance. Comparison among results of different simulations shows that the
simulations estimate the observed precipitation well whenusing a resolution of 4.1 km or finer. Although the main flow
patterns are similar, finer grids produce more complex patterns that show divergence zones, convergence zones and vortices.
Horizontal grid size significantly affects the vertical structure of the convective boundary layer. Stronger verticalwind
components are simulated for finer grid resolutions. In particular, noticeable sinking airflows over mountains are captured for
those model configurations.
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1. Introduction

The distribution of terrain height variance with wave-
length is important for determining the required horizontal
grid spacing for mesoscale models (Bretherton, 1969; Young
and Pielke, 1983; Srinivasan and Ramanathan, 1994; Ra-
manathan and Srinivasan, 1995; Salvador et al., 1999). Ter-
rain height variance plays a key role in the simulation of
mesoscale atmospheric flows. The ability to simulate local
circulation and rainfall accurately relies heavily on resolving
the important terrain features over the area of focus. How-
ever, the grid resolution is very often selected without consid-
ering its optimum value (Salvador et al., 1999). Thus, anal-
ysis of the terrain height variance is a necessary (althoughnot
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sufficient) step in the process of establishing the requiredhor-
izontal grid size for a mesoscale model application (Pielke,
1984). The spectral analysis of terrain height variance gives
an idea about the dominant wavelengths (λ ) of terrain vari-
ance, which are used to specify the horizontal grid spacing
required to resolve topographic perturbations without resort-
ing to the parameterization of subgrid-scale terrain variance
in mesoscale models.

Results of previous studies of terrain spectra have var-
ied considerably, depending on the geomorphology of the
study region because terrain variances vary between differ-
ent landscapes (Bretherton, 1969; Young and Pielke, 1983;
Young et al., 1984; Salvador et al., 1999; Denis et al., 2002;
Wang and Wang, 2004; Perron et al., 2008; Booth et al.,
2009). For example, Young and Pielke (1983) found a linear
λ -dependence for three different cross sections of Colorado,
and an upper bound of 0.1 km for mesoscale models based on
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one-dimensional terrain spectra. Srinivasan and Ramanathan
(1994) found terrain height variances proportional toλ 2 for
three cross sections of the Pune region, and determined a min-
imum horizontal grid spacing of 4 km to resolve 87% of the
terrain variance. Salvador et al. (1999) obtained a mean ex-
ponent of 1.77 for four sections of Castellon, and determined
a grid size of 2 km for mesoscale models of the region. Since
the optimum horizontal grid spacing varies among different
regions, the grid size for each region must be individually
determined in mesoscale models. Analysis of many terrain
cross sections to obtain accurate fitting exponents and com-
puted grid sizes for each region is highly desirable. The min-
imum grid size can be selected for mesoscale models of this
region because it is fit for the study of any case, though not
the optimum size for many cases. Thus, for every case study
in the area of focus, the minimum grid size is a sufficient
(although not necessary) condition to resolve the majorityof
terrain height variance.

It is computationally time-consuming to calculate the op-
timum grid size through trial and error of many different grid
sizes. Finding a mathematical relationship between the grid
size and the exponent greatly decreases the computational
effort. The aim of this paper is to investigate the mathe-
matical relationship between the grid size and the exponent.
Estimation of the universal grid size for mesoscale mod-
els of the landslide-prone areas in western Sichuan is used
as an example. The landslide-prone areas cover Wenchuan
County and neighboring areas are situated in the steep hills
north of Sichuan’s provincial capital, Chengdu. Earthquakes
in Wenchuan result in fissures, loosening of the geologi-
cal structure and the formation of a slippage surface, apt to
form a landslide when heavy rain occurs. Studies of rain-
fall in landslide-prone areas, where topographic-scale forc-
ing has an important effect on mesoscale atmospheric flows
and therefore on the distribution of precipitation, are essen-
tial. Additionally, in choosing the universal grid size for
mesoscale models of landslide-prone areas, it is also impor-
tant to assess model sensitivity to different grid resolutions
(Salvador et al., 1999; Kain et al., 2008; Roberts and Lean,
2008; Schwartz et al., 2009). Thus, several simulations using
different grid resolutions for the mesoscale numerical model
are undertaken to illustrate the influence of grid size.

2. Data and methods

2.1. Topography data

For simulations in landslide-prone areas, a domain of
nested grids with a 1-km topographic resolution is often used
in mesoscale models. To study fine terrain detail, the to-
pographic resolution is increased. This allows the study of
atmospheric flows, and a more detailed distribution of pre-
cipitation for the landslide forecast. The latest SRTM 90 m
digital elevation database, originally produced by National
Aeronautics and Space Administration (NASA), is used as
the basic dataset for spectral analysis. The landslide-prone
study region in western Sichuan is shown in Fig. 1. The study

Fig. 1. The topography distribution over the study region in
western Sichuan with 90 m resolution (shaded, units: m).

region covers (30.52◦–31.72◦N, 102.86◦–104.16◦E), with a
near constant zonal distance of 123.6 km and a meridional
distance of 133.6 km, corresponding to the zonal and merid-
ional grid points of 1561 and 1441, respectively. The actual
topographic resolutions in the zonal and meridional direc-
tions are 79.2 m and 92.8 m, respectively. The terrain ele-
vations are calculated along seven adjacent zonal cross sec-
tions and seven meridional cross sections, both with a regular
interval of 0.2◦.

2.2. Spectral analysis

Spectral analysis has been used for several years for di-
agnostic purposes (Boer and Shepherd, 1983; Trenberth and
Solomon, 1993). Fourier transformation is used to analyze
and separate the spectral signal to provide information on
spectral characteristics (Rayner, 1972; Hanley, 1977; Ricard
et al., 1987; Ansoult, 1989; Hough, 1989; Goff and Tu-
cholke, 1997). Topographic data are discrete, so a Discrete
Fourier Transform (DFT) is used to retrieve the spectral dis-
tributions in frequency space. For the landslide-prone areas,
the one-dimensional terrain height variance spectra are com-
puted separately for each of the terrain height cross sections.
For each cross section, a linear trend is first calculated by a
least-squares fit and then subtracted from the terrain height
series. The DFT routine is applied over the resulting height
values, and the resulting spectra depict the distribution of ter-
rain height variances in either wavenumber (k) or wavelength
(λ = 1/k). A power law relationship between the terrain
height spectra (S) andλ with the formS= aλ b is fitted us-
ing the least-squares method. The coefficienta represents the
intensity of topographic forcing, and the exponentb reflects
the terrain smoothness and is used to discuss the selection of
horizontal grid spacing for mesoscale models.

A two-dimensional spectrum analysis can be achieved us-
ing a two-dimensional fast Fourier transform (2DFFT). If a
percentage of the maximum spectral energy is required for a
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topographic effect, an average wavelength meeting that con-
dition can be found by averaging the spectral energy along
the angles defined by the horizontal wavenumber (kx) and the
vertical wavenumber (ky). The angle is the arc-tangent of the
ratio ofkx andky, and the one-dimensional spatial wavenum-

ber (k) is k =
√

k2
x +k2

y. However, this method is compu-

tationally intensive, and is thus an inconvenient and uneco-
nomical method for obtaining optimum model grid spacing.
Young and Pielke (1983) and Young et al. (1984) verified that
spatial spectral analysis of a two-dimensional topographic
profile can be replaced by a one-dimensional profile in the
following manner. Since then, the one-dimensional algo-
rithm along several adjacent cross sections of terrain has been
widely used for the convenience of calculation (Young et al.,
1984; Srinivasan and Ramanathan, 1994; Ramanathan and
Srinivasan, 1995; Hsu et al., 2006).

2.3. Model and experiment design

The Advanced Regional Prediction System (ARPS, ver-
sion 5.3.0), initially developed at the Center for Analysisand
Prediction of Storms (CAPS) at the University of Oklahoma,
is used to simulate a rainstorm process that occurred in the
landslide-prone areas from 9–10 July 2013. The latest SRTM
90 m digital elevation database replaces the old terrain data in
the ARPS. Nesting capabilities are not considered, to avoid
influences on the model results other than those caused by
horizontal grid spacing. In the vertical direction, 53 unevenly
spaced full sigma levels are established. The initial condi-
tions and boundary data are from the European Centre for
Medium-Range Weather Forecasts (ECMWF) global data,
which have a horizontal resolution of 0.5◦×0.5◦. The model
physics packages include the Lin Ice microphysics scheme
(Zhao and Xue, 2009), the Kain–Fritsch cumulus parameter-
ization scheme (Kain and Fritsch, 1990), the NASA atmo-
spheric radiation transfer parameterization, and surfacefluxes
calculated from constant drag coefficients for surface layer
parameterization. The experiment is performed for 24 hours
starting at 0000 UTC 9 July 2013. Four different model con-
figurations of horizontal grid size (9.2, 6.6, 4.1, and 1.9 km)
are tested. The observed precipitation consists of conven-

tional surface station data from the National Meteorological
Center (NMC) of the China Meteorological Administration
(CMA).

3. Results and discussion

3.1. The terrain spectra of different cross sections

The zonal distributions of terrain height variance spec-
tra versus wavenumber (km−1) along 30.72◦N and 31.32◦N
are shown in Fig. 2. The discrete nature of the terrain data
means that the smallest resolvable wavelength (maximum
wavenumber) measured in terrain spectrum space is twice the
grid resolution of terrain. In Fig. 2a, the minimum resolvable
wavelength is 0.16 km (wavenumber 6.3 km−1), though the
spectral energy for wavenumbers larger than 1 km−1 (λ < 1
km) is close to zero, as shown in Fig. 2b. Terrain height vari-
ance spectra reveal the effect of topographic dynamic forc-
ing on the atmosphere, and the greater the spectral energy
then the stronger the topographic dynamic forcing (Pielke,
1984). In Fig. 2a, the maximum topographic spectral en-
ergy is 11.8× 106 m2 km, indicating undulation of terrain
and maximum topographic dynamic forcing. The dominant
wavelength (DW) corresponding to the maximum spectral
energy is 61.8 km, under which the spectral energy declines
with decreasingλ , implying that the topographic dynamic
forcing weakens with the gentleness of the topographic re-
lief. Nevertheless, a sudden increase of spectral energy exists
at a wavelength of 20.6 km for the complex terrain, though
it does not affect the overall downward trend. Similarly in
Fig. 2b, the DW is 41.2 km, corresponding to the maximum
spectral energy of 12.3× 106 m2 km, larger than the value
for the cross section along 30.72◦N. It indicates that the un-
dulation of terrain along 31.32◦N is more pronounced than
along 30.72◦N, implying stronger topographic dynamic forc-
ing along 31.32◦N. Whenλ < DW, the forcing weakens with
decreasingλ , though there are sporadic departures from this
trend.

The distributions of meridional terrain height variance
spectra for the cross sections along 103.86◦E and 104.06◦E
are shown in Fig. 3. In Fig. 3a, the DW is 66.8 km, cor-
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Fig. 2. Terrain height variance spectra for the cross sections along (a) 30.72◦N and (b) 31.32◦N.
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Fig. 3. Terrain height variance spectra for the cross sections along (a) 103.86◦E and (b) 104.06◦E.

responding to the maximum spectral energy of 8.5×106 m2

km; the secondary wavelength is 16.7 km, corresponding to
a spectral energy of 2.0× 106 m2 km. The relatively large
spectral energies here both show strong topographic dynamic
forcing. For the cross section along 104.06◦E, the spectral en-
ergy takes the dominating peak value, less than the value of
8.5×106 m2 km, which indicates that the topographic forcing
along 104.06◦E is weaker than along 103.86◦E. Also, from
the zonal (Fig. 2) and meridional (Fig. 3) terrain spectra, the
maximum topographic spectral energy in the zonal direction
is larger than in the meridional direction, implying that the ef-
fect of topographic dynamic forcing on the atmospheric sys-
tem over terrain is zonally stronger than that in the meridional
direction. In addition, the longer wavelength correspondsto
a more prominent topographic relief, and therefore the larger
spectral energy, and the shorter wavelength, shows a less pro-
nounced terrain height variance and a smaller spectral energy.
There is a downward topographic spectral energy trend with
decreasingλ , in spite of several departures, and this decreas-
ing trend has an approximately exponential form. Thus, a
power law relationship between the terrain height spectra (S)
and variableλ in the form ofS= aλ b is fitted by the least-
squares method. In this equation, the coefficienta represents
the intensity of topographic forcing, and the exponentb re-
flects the terrain smoothness: greater values ofb correspond
to more jagged terrain.

3.2. The relationship between the grid size and the expo-
nent b

For the purpose of mesoscale modeling, terrain height
variations can be divided into two ranges: those with wave-
lengths greater than 2∆x (∆x is the grid size for mesoscale
models) resolved by the model, and those with wavelengths
less than 2∆x; the subgrid-scale terrain variations not resolv-
able (Pielke, 1981). As the effect of the parameterization is
uncertain in mesoscale models, it is necessary to choose a
value of∆x small enough so that the effect of subgrid-scale
terrain variations is negligible. An upper bound of∆x is de-
termined by integrating the area under terrain height spectra
and requiring a specified percentage of the terrain height vari-
ance to be at wavelengths greater than that minimum (Young
and Pielke, 1983). As mentioned above, the relationship be-

tween the terrain height spectra and variableλ has the form
of S= aλ b, and the ratio of subgrid-scale terrain height vari-
ance to model resolved terrain height variance (r) is

r =

∫ 1/2δx
1/2∆x ak−bdk

∫ 1/2∆x
1/n∆x ak−bdk

, (1)

wherek is wavenumber, 2δx is the shortest wavelength in the
measured spectra, 2∆x is the shortest wavelength that can be
resolved by the model, andn∆x is the model domain length.
Equation (1) integrates to

r =
∆xb−1

− δxb−1

(n∆x/2)b−1
−∆xb−1 . (2)

SettingL = n∆x/2, we have the expression forr:

r =
Lb−1

− δxb−1

Lb−1
−∆xb−1 −1 . (3)

The percentage ofr is specified in advance and is kept con-
stant for a fixed region. Generally, resolving 90% of the ter-
rain variance is sufficient to consider the topographic forcing
without a subgrid-scale parameterization. Thus, we obtainan
expression for∆x in three variables,L, δx andb:

∆x =

(

rLb−1 + δxb−1

r +1

)1/(b−1)

. (4)

For the study region, the domain is divided into several adja-
cent cross sections of terrain both in the zonal and meridional
directions. As the latitudes (or the longitudes) correspond-
ing to different cross sections vary little, the domain length
(2L) is nearly invariable. The grid resolution of terrain,δx,
remains unchanged for selected topographic data. That is,
the change of∆x depends only on the variableb. Setting
x = b−1,y = ∆x, Eq. (4) can be written in the form:

y = e

1
x ln rLx+(δx)x

r+1
. (5)

Taking the derivative with respect tox, an expression fory′ is
found:

y′ = y
x(rLx lnL+ δxx lnδx)− (rLx + δxx) ln rLx+δxx

r+1

x2(rLx + δxx)
. (6)
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If we can prove thaty′ > 0, theny is monotonic with re-
spect tox. As y > 0 andx2(rLx +δxx) > 0, the required rela-
tion is:

x(rLx lnL+ δxx lnδx)− (rLx + δxx) ln
rLx + δxx

r +1
> 0 . (7)

Dividing both sides of the inequality [Eq. (7)] by(δx)x trans-
forms the inequality to the form

r

(

L
δx

)x

ln
r +1

r +
(

δx
L

)x + ln
r +1

r
(

L
δx

)x
+1

> 0 . (8)

Settingt = (L/δx)x, Z = rt ln t(r+1)
1+rt + ln r+1

1+rt , and taking the
derivative with respect tot, we have an expression forZ′:

Z′ = r ln
t(1+ r)
1+ rt

. (9)

As L/δx > 1, t = (L/δx)x > 1. Also, it is easy to prove that
Z′ is a monotonically increasing function with respect tot.
Thus,Z′(t) > Z′(1) = 0, indicating a monotonically increas-
ing function ofZ with respect tot. So,

Z > Z(1) = r ln
1+ r
1+ r

+ ln
1+ r
1+ r

= 0 . (10)

The inequality [Eq. (10)] shows thaty increases with increas-
ing x, and therefore∆x(b) is a monotonically increasing func-
tion. This indicates that the minimum grid size is determined
by the minimumb.

3.3. The selection of grid size for mesoscale models of the
landslide-prone areas

Since∆x is a monotonically increasing function with re-
spect tob, it is easy to determine the universal grid size for
mesoscale models of the landslide-prone areas. The terrain
height variance spectra (S) are plotted as a function of wave-
length (λ ) or wavenumber (k) on a logarithmic scale and fit-
ted to retrievea andb. Table 1 displays the values ofa and
b for each of the 14 cross sections. Several zonal and merid-
ional distributions of terrain height variance spectra versus
wavenumbers (km−1) in log–log space are represented in Fig.

4 and Fig. 5. Using theF-criterion with a significance level
of 0.05, exponentb is significant. From Table 1, the co-
efficient a varies considerably among these cross sections,
because of differing geographic coverage. The exponentb
varies from 1.84 to 3.12 and provides a quantitative measure
of terrain smoothness, since the terrain height and the config-
uration are dissimilar.

As shown in Table 1, the minimumb is 1.84 among seven
zonal cross sections of terrain. For terrain height variance
spectra of the formS= aλ 1.84, the ratio of subgrid-scale ter-
rain height variance to model resolved terrain height variance

is (
∫ 1/2∆x

1/2δx ak−1.84dk)/(
∫ 1/n∆x

1/2∆x ak−1.84dk). This quantity inte-
grates to

∆x0.84
− δx0.84

(n∆x/2)0.84
−∆x0.84 . (11)

For a mesoscale model of the landslide-prone areas with a
zonal domain length of 123.6 km andδx of 0.079 km, a
zonal grid spacing of 4.1 km or finer is required to resolve
90% of terrain variances without a subgrid-scale parameteri-
zation. Similarly, in the meridional direction, a minimumb of
2.09 is obtained among seven cross sections. For a meridional

Table 1. Parameters of the least-squares best fit relationS= aλ b,
for 14 terrain height variance spectra for the landslide-prone areas.

Data set a b

30.52◦N 128.8 3.02
30.72◦N 446.7 1.84
30.92◦N 182.0 2.89
31.12◦N 691.8 2.25
31.32◦N 346.7 3.12
31.52◦N 501.2 2.84
31.72◦N 446.6 2.95
102.86◦E 645.7 2.43
103.06◦E 436.5 2.97
103.26◦E 588.8 2.60
103.46◦E 371.5 2.85
103.66◦E 380.2 2.47
103.86◦E 831.8 2.09
104.06◦E 100 2.90
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Fig. 4. Terrain height variance spectra for the cross sections along (a) 30.72◦N and (b) 31.32◦N in log–log
coordinate.
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Fig. 5. Terrain height variance spectra for the cross sections along (a) 103.86◦E and (b) 104.06◦E in log–log
coordinates.

domain length of 133.6 km andδx of 0.093 km, the grid reso-
lution of 8.1 km is likely to be the maximum allowable value
to resolve adequately the terrain effects. The upper bound
of grid spacing in the zonal direction is smaller than that in
the meridional direction. Thus, for every case study the hor-
izontal grid spacing of 4.1 km is sufficient to resolve 90% of
terrain height variance. The value of the percentage of re-
solved terrain height variance, based on the spectra presented
in previous figures and for several model grid sizes, is given
in Table 2. Assuming that inclusion of 90% of the terrain
variance is sufficient to correctly consider the topographical
forcing, the grid size required for the landslide-prone areas is
4.1 km.

Although it is assumed that resolving 90% of the terrain
variance is sufficient to correctly consider the topographical
forcing, it does not ensure that all atmospheric phenomena
are simulated correctly, but rather that 90% of the terrain in-
fluence on atmospheric flows is captured. The spectral energy
of the unresolved topography (10%) is relatively small, indi-
cating the inconspicuous undulation of terrain and weak topo-
graphic dynamic forcing. Thus, the effect of the unresolved
topography on the atmosphere is ignored. Subgrid-scale ter-
rain variations cannot be completely resolved in the model.
It is hard to ascertain whether 90% is sufficient for a given
application. However, this method allows the calculation of
terrain variance (Salvador et al., 1999).

3.4. Model sensitivity to grid resolutions

To show the effect of differing grid sizes on a mesoscale
model and better illustrate the results obtained by the spectral
method, several simulations using the ARPS with different

Table 2. The resolved terrain height variance for model resolu-
tion and the ratios of unresolved/resolved topography (r) in the
mesoscale model.

The horizontal
grid sizex

Ratio of unresolved/
resolved Topography (r)

Percentages of resolved
terrain height variance

9.2 km 0.25 80%
6.6 km 0.18 85%
4.1 km 0.11 90%
1.9 km 0.05 95%

grid resolutions (Table 2) are performed. Synoptic condi-
tions for the selected days, 9–10 July 2013, show a favor-
able large-scale circulation environment for the occurrence
of the rainstorm in western Sichuan (figure not shown). Dur-
ing the rainstorm, the atmosphere of West China is controlled
by the trough between the Iranian High and the western Pa-
cific subtropical high (WPSH); the Sichuan Basin is just at
the edge of the WPSH. The steady WPSH keeps the upper
trough from moving eastward. Thus, the upper trough sta-
bilizes over West China during the rainstorm, which is con-
ducive to the southeastward movement of the northwestern
cold air. The WPSH further causes the southwest low-level
jet (SLLJ) to carry warm and moist air into the basin. Subse-
quently, the southwesterly flow transforms itself into an east-
erly flow in the Sichuan Basin, and interacts with the Tibetan
Plateau terrain in western Sichuan. In addition, low pressure
systems originating from the Tibetan Plateau constantly move
to western Sichuan, leading to rainfall in the west region of
Sichuan.

3.4.1. The comparison of precipitation

The simulated 1-h accumulated precipitation at 1800
UTC and 2100 UTC from the four different model config-
urations, T-9.2, T-6.6, T-4.1 and T-1.9, which correspond
respectively to 80%, 85%, 90%, and 95% of resolved ter-
rain variance, is selected for the comparison with the ob-
served rainfall. As shown in Fig. 6a, the precipitation
with a northeast–southwest orientation mainly concentrates
in the area from 30.8◦N to 31.5◦N, with three main cen-
ters at (30.8◦N, 103.1◦E), (31.1◦N, 103.3◦E) and (31.2◦N,
103.5◦E), with values of 22, 23 and 25 mm, respectively. In
model run T-9.2 (Fig. 6b), two of the three rainstorm cen-
ters are reproduced, although the rain rates are slightly un-
derestimated. Nevertheless, the extent and rain rates around
(30.6◦N, 102.9◦E) are highly overestimated. In the T-6.6 run
(Fig. 6c), the zone of relatively heavy precipitation is approx-
imately 0.2◦ east of its observed location. A similar overesti-
mation is also simulated around (30.6◦N, 102.9◦E). In T-4.1
(Fig. 6d), the simulated result appropriately reproduces the
major features of the spatial distribution of precipitation (Fig.
6a). In fact, the simulated zones of maximum precipitation
are almost perfectly reproduced, despite a slight disparity in
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Fig. 6. The 1-h accumulated precipitation (shaded, units: mm) at 1800 UTC 9 July 2013: (a) observed precipitation; (b) simu-
lated precipitation with 9.2 km grid size; (c) simulated precipitation with 6.6 km grid size; (d) simulated precipitation with 4.1
km grid size; and (e) simulated precipitation with 1.9 km grid size.

range compared to the observed precipitation centers. In ad-
dition, the maximum precipitation also shows values much
closer to the observed maximum. However, the precipitation
at some locations is overestimated compared to the observed
precipitation (e.g. 30.8◦N, 103.4◦E). The model result in T-
1.9 is improved only slightly in terms of the spatial distribu-
tion of precipitation (Fig. 6e) compared to the resolution of
T-4.1 (Fig. 6d). However, the maximum precipitation has
heavier values than in T-4.1.

To further demonstrate the simulation’s performance, 1-h
accumulated precipitation at 2100 UTC is analyzed. The sim-
ulated results are shown in Fig. 7, and indicate that the simu-
lations of T-4.1 (Fig. 7d) and T-1.9 (Fig. 7e) reproduce simi-
lar areas of precipitation and maximum precipitation, though
with some subtle differences (Fig. 7a). In model run T-9.2
(Fig. 7b), the shapes of the simulated precipitation areas and
zones of maximum precipitation are inconsistent with those
of the observed precipitation. The simulation of T-6.6 (Fig.
7c) produces more detailed precipitation than that of T-9.2,
although slight deviations exist in terms of the location and
intensity of the main centers compared to the observed pre-
cipitation.

Based on the analysis above, the numerical simulations of
T-4.1 and T-1.9 appear to perform sufficiently well in estimat-
ing the observed precipitation. As the grid size decreases,the
model captures more features of the observed rainfall distri-
bution in terms of location and intensity. When the grid size
is on the order of 4.1 km or less, the model improves only
slightly in terms of the spatial distribution of precipitation
compared to T-4.1. This is understandable because decreas-
ing grid spacing corresponds to an increase in the percentage

of model resolved terrain height variance. This indicates that
the topographic dynamic forcing on the atmosphere becomes
stronger and therefore yields more detailed precipitationin
the landslide-prone areas. When the model resolved terrain
height variance reaches a certain proportion (in this paper,
90%), the topographic forcing improves only slightly as the
proportion increases, and therefore the model provides an al-
most identical value of precipitation.

3.4.2. Horizontal pattern of atmospheric flow

Figure 8 presents ARPS-simulated wind streamline plots
for four different model configurations. Because of the effect
of topography, the atmospheric flow at 500 hPa is selected.
These representations emphasize regions of convergence and
divergence. As shown in Fig. 8, although the main flow
patterns are similar for the four runs, some regions of flow
divergence and convergence appear at different locations.
Simulations T-9.2 (Fig. 8a) and T-6.6 (Fig. 8b) fail to simu-
late the divergence zone around (31.0◦N, 103.2◦E), which is
accurately reproduced by the other two runs [T-4.1 (Fig. 8c)
and T-1.9 (Fig. 8d)]. The divergence zone around (30.75◦N,
103.35◦E) is only simulated by the finer resolution grid runs,
and this is probably related to the terrain resolution. Fur-
thermore, the divergence zone around (30.75◦N, 103.05◦E)
is noticeable in simulations T-9.2, T-4.1, and T-1.9, though
T-4.1 and T-1.9 have more complex streamline patterns. Be-
sides this, from the comparison between T-4.1 and T-1.9,
some features of the flow induced by topography appear only
in the finer resolution grid run (Fig. 8d), though the ma-
jority of the flow patterns are almost identical for the two
runs. These features include the vortices around (30.9◦N,
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(d) (e)

Fig. 7. The same as Fig. 6 but at 2100 UTC.

Fig. 8. Simulated wind streamlines at 500 hPa at 1800 UTC 9 July 2013 for each test: (a) 9.2 km grid size; (b) 6.6
km grid size; (c) 4.1 km grid size; and (d) 1.9 km grid size.
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Fig. 9. Vertical cross sections of the combined east–west wind component (u, units: m s−1) and the vertical wind
component (w, units: m s−1) along 31.3◦N at 1800 UTC 9 July 2013 for each test: (a) 9.2 km grid size; (b)6.6 km
grid size; (c) 4.1 km grid size; and (d) 1.9 km grid size.

103.1◦E) and (30.9◦N, 103.4◦E) and the convergence zone
around (31.5◦N, 103.7◦E), also not simulated in the T-9.2 or
T-6.6 runs. In general, as grid size decreases, the model pro-
duces more complex flow patterns that show some divergence
and convergence zones, and vortices.

3.4.3. Vertical pattern of atmospheric flow

The simulated vertical motions are quite sensitive to the
horizontal grid size used in the model. The vertical structure
of the convective boundary layer, simulated by the four model
configurations, shows significant differences. Figure 9 shows
the combined east–west wind component and vertical wind
component plotted on the cross section along 31.3◦N at 1800
UTC 9 July 2013. The section spans across the mountains
with the most evident terrain undulation. The easterly flow
follows the mountain surfaces and generates up-slope and up-
valley wind systems, thus inducing convergence and updrafts
near the peaks. These cross sections show that finer grid sizes
correspond to higher and more intense vertical updrafts. The
maximum vertical wind components in the convergence zone

over 103.35◦E are 0.4 m s−1 on the coarser grid (9.2 km),
0.8 m s−1 using the 6.6 km grid, and 1.2 m s−1 on the finer
grids (4.1 km and 1.9 km). Generally, the inclusion of a finer
grid increases the ability of meteorological models to produce
larger vertical motion, since small-scale horizontal tempera-
ture gradients and velocities are resolved (Poulos and Pielke,
1994). Vertical updrafts trigger cloud development, and cor-
respond to peak precipitation periods: different updraft rates
result in different hydrometeors and therefore different pre-
cipitation (Fig. 6). In addition, although there is a tendency
for convection within the boundary layer in all simulations,
the T-9.2 and T-6.6 model runs yield different and more sim-
ple patterns than the finer-scale runs. For example, vertical
currents over 103.6◦E appear in all tests; however, the vortex
return flow hardly appears in the coarser runs (9.2 km and
6.6 km), and is only simulated by the T-4.1 and T-1.9 model
runs at about 500 hPa. Furthermore, when using grid sizes of
4.1 km and 1.9 km, noticeable sinking airflows over moun-
tains are captured approximately over 103.8◦E, 103.5◦E and
103◦E. These downward motions are not simulated by the T-
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9.2 and T-6.6 model runs.

4. Conclusion

The distributions of the terrain height variance spectra in
wavenumber (k) space or in wavelength (λ ) space can be used
to determine the spatial scales of a given terrain. Taking the
landslide-prone areas in western Sichuan as an example, the
maximum topographic spectral energy shows the most evi-
dent undulation of terrain and the maximum topographic dy-
namic forcing. The trend of the topographic spectral energy
is downward with decreasingλ , and this decreasing trend is
described by a power law relationship between the terrain
height spectra (S) and variableλ in the form of S= aλ b.
Fitted by the least-squares method, the spectral slope (−b)
in log–log space is associated with grid-size selection for
mesoscale models. As the domain length is nearly constant,
and the minimum resolvable wavelength in terrain spectrum
space remains unchanged for the selected topographic data,
the change of∆x depends only on the exponentb. Fur-
thermore, the monotonicity of grid size is investigated, and
it is proven that∆x(b) is a monotonically increasing func-
tion. This indicates that the universal grid size selected for
mesoscale models is determined by the minimumb. Using
this mathematical relationship between∆x andb, a universal
horizontal grid spacing of 4.1 km is required to resolve 90%
of the terrain height variance for mesoscale models, without
resorting to the parameterization of subgrid-scale terrain vari-
ance for the landslide-prone areas.

The effect of horizontal grid size on model results is an-
alyzed by four model configurations. As the grid size de-
creases, the model captures more features of the observed
rainfall distribution. When the grid size is on the order of
4.1 km or less, the model improves only slightly in terms
of the spatial distribution of precipitation compared to T-4.1.
Generally, finer grids produce more complex patterns with di-
vergence zones, convergence zones, and vortices. Horizontal
grid size significantly affects the vertical structure of the con-
vective boundary layer. In particular, stronger vertical wind
components are simulated for finer grid resolutions. Also,
noticeable sinking airflows over mountains are captured for
those model configurations.

Acknowledgements. This study was supported by the Key Re-
search Program of the Chinese Academy of Sciences (Grant No.
KZZD-EW-05-01) and the special grant (Grant No. 41375052)
from the National Natural Science Foundation of China. It was
also funded by an open project of the State Key Laboratory of Se-
vere Weather (Grant No. 2013LASW-A06). The authors thank the
anonymous reviewers for their suggestions, which helped toim-
prove the manuscript. Thanks also go to HUANG Yongjie for his
helpful comments.

REFERENCES

Ansoult, M. M., 1989: Circular sampling for fourier analysis of
digital terrain data.Mathematical Geology, 21, 401–410, doi:

10.1007/BF00897325.
Boer, G. J., and T. G. Shepherd, 1983: Large-scale two-

dimensional turbulence in the atmosphere.J. Atmos.
Sci., 40, 164–184, doi: 10.1175/1520-0469(1983)040<0164:
LSTDTI>2.0.CO;2.

Booth, A. M., J. J. Roering, and J. T. Perron, 2009: Automated
landslide mapping using spectral analysis and high-resolution
topographic data: Puget Sound lowlands, Washington, and
Portland Hills, Oregon.Geomorphology, 109, 132–147, doi:
10.1016/j.geomorph.2009.02.027.

Bretherton, F. P., 1969: Momentum transport by gravity waves.
Quart. J. Roy. Meteor. Soc., 95, 213–243, doi: 10.1002/qj.
49709540402.
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