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ABSTRACT: In this study, the effect of submesoscale topography (i.e., topographical features smaller than a few kilometers in size) on precipitation associated with thermally driven local circulations over a mountainous region is examined in
the absence of synoptic-scale precipitation systems through a 100-m-mesh large-eddy simulation experiment. The observed
effect of topography on precipitation is different than that identified in previous studies; submesoscale topography is observed to induce a weakening effect on precipitation in this study, while previous studies have suggested that submesoscale
topography enhances precipitation. This discrepancy between studies is owing to differences in the scale of the topography
and the precipitation-inducing system under consideration. Previous studies have focused on precipitation associated with
synoptic-scale systems, where mechanical orographic forcing is dominant. The mechanism of the topographic effect where
thermal orographic forcing is dominant was clarified in this study. Under thermally driven local circulation, the convergence
of upslope flow near large-scale mountain ridges is one of the main causes of precipitation. Submesoscale topographic
features promote the detachment of upslope flow from the mountain surface and vertical mixing in the boundary layer. This
detachment and mixing result in a weakening of convergence and updraft and reduction of equivalent potential temperature
around the ridge that explains the observed weakening effect on precipitation. Cold pools formed by evaporation of rainfall
associated with upslope flow enhance the weakening effect. These results confirm the importance of submesoscale topography in orographic precipitation.
KEYWORDS: Orographic effects; Precipitation; Valley/mountain flows

1. Introduction
Topography has a notable influence on precipitation owing
to a number of different mechanisms (e.g., Banta 1984; Frei
and Schär 1998; Smith et al. 2005; Daly et al. 2008; Smith et al.
2009; Houze 2012). There are two main types of topographic
forcing: mechanical and thermal (e.g., Kirshbaum et al. 2018).
The dominant mechanism depends on environmental conditions such as the background wind speed, static stability, and
mountain height and shape (e.g., Smith 1989). Mechanical
forcing involves large-scale upslope ascent over a topographic
slope and horizontal convergence by dynamic changes in the
flow direction. Thermal changes caused by daytime insolation
and nocturnal radiative cooling produce hydrostatic pressure
gradients that induce ascending or descending winds on
mountain surfaces (e.g., Egger 1990). Such flows cause convergence and orographic precipitation.
Topographic effects are dependent on the scale of topography (e.g., Kimura and Kuwagata 1995; Kuwagata et al. 2001).
To date, most research on the influence of topography on
precipitation has only considered large topographical features
(larger than a few kilometers); most precipitation-inducing
phenomena are larger than a few kilometers in size. However,
it has been suggested that there may be a relation between
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precipitation and small-scale (submesoscale) topography (smaller
than a few kilometers). Nevertheless, such a relation would
be far more complex than that between precipitation and
larger-scale topography (e.g., Roe 2005). Submesoscale topography likely has a direct effect on submesoscale motions
such as atmospheric turbulence. In the planetary boundary
layer, turbulence plays an important role in precipitation
processes through upward heat and moisture transfer, as well
as in triggering moist convection by lifting air to the level of
free convection (e.g., Emori 1998). Therefore, submesoscale
topography may affect precipitation by impacting atmospheric turbulence, particularly by altering the position and
timing of convection initiation.
Despite the presumed influence of submesoscale topography on precipitation, it is not well understood. One reason for
this is the small scale of the phenomena that directly interact
with submesoscale topography, such as local circulation and
boundary layer turbulence caused by topography. To resolve
them, simulations or observations with a high spatiotemporal
resolution are required. Recently, several studies using largeeddy simulation (LES) with a mesh scale of order 100 m have
been initiated to examine thermally driven orographic dry
convection (Serafin and Zardi 2010; Schmidli 2013; Wagner
et al. 2014, 2015) and moist convection (Kirshbaum 2011;
Kirshbaum and Grant 2012; Panosetti et al. 2016). Although
these simulations resolved submesoscale phenomena, these
studies focused on larger-scale topography and submesoscale
topographic features were not included in their simulations.
Another reason for the lack of studies on the influence of
submesoscale topography is the variety of topography and
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FIG. 1. (a) Topographic elevation (m) and simulation area for domains I, II, III, and IV, represented by D1, D2,
D3, and D4, respectively, and elevation in domain IV in (b) TOPO100m and (c) TOPO1km. Dashed red lines show
the region for lateral nudging. The blue circles indicate the locations of the ground observation stations used in the
analysis. The unit of the axes is km.

local circulation in the real world. Previous LES studies
have examined the effect of idealized topography. However,
complex topography with multiscale components must be
considered to understand the effect of realistic topography.
Small-scale components embedded in large-scale topography
may alter the effect of large-scale topography. In addition,
local circulation drastically changes the properties of the local
atmosphere from those of the surrounding flow (Kalthoff et al.
2011), and there is great variation in local circulation, even with
the same topography. Therefore, to understand the effects of
submesoscale topography, statistical treatment is necessary,
for which a large number of samples are needed.
A few studies have investigated the influence of submesoscale topography on precipitation with realistic topography. Numerical simulations using a terrain height dataset with
subkilometer resolution enhanced the simulated precipitation
of a coastal front associated with a typhoon (Oizumi et al. 2018)
and a stationary linear-shaped convective system under the baiu
front1 (Takemi 2018). Under these circumstances, submesoscale
topography is thought to enhance the mechanical effects of largerscale topography on precipitation. For instance, Takemi (2018)

1
The baiu front is a nearly stationary lower-tropospheric baroclinic zone between east China and southern Japan and occurs from
late spring to early summer.

suggested that small-scale topography strengthens near-surface
convergence, leading to greater precipitation. In both studies,
however, the investigated precipitation system was of a synoptic
scale, and mechanical forcing was the dominant form of topographic forcing by large-scale features.
Submesoscale topography may have a different effect on
precipitation when the dominant topographic forcing by largescale features is thermal forcing. Local circulation with upslope
flow driven via daytime insolation of a mountain slope induces
convection initiation around the mountain ridge. As thermally
driven circulation and synoptic-scale systems differ considerably
in terms of the mechanism and horizontal scale, submesoscale
topography could have a different influence on precipitation associated with local circulation than on precipitation associated
with synoptic-scale systems. Moreover, local circulation itself is
more directly linked to topography than synoptic-scale circulation
as it is driven by the surface heating of the mountain slope.
Therefore, the influence of submesoscale topography is likely to
be more significant when local circulation is the dominant process.
For a comprehensive understanding of the effect of topography on precipitation, understanding the individual mechanisms is crucial. In particular, broadening our understanding of
the influence of submesoscale topography under thermally
driven circulation is necessary. A better understanding of the
influence of submesoscale topography will also help improve
the reproducibility of numerical simulations. While the effects
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TABLE 1. Experimental settings for the four domains.
Domain I
2

Domain size (km )
Grid spacing
No. of vertical layers
PBL turbulent model
Topography resolution
Size of lateral nudging region

Domain II

Domain III

Domain IV

2520 3 2520
1080 3 960
7.5 km
2.5 km
48
60
MYNN level 2.5 model
7.5 km
2.5 km

384 3 288
500 m
80

192 3 172.8
100 m
136

150 km

of subgrid-scale topography are not explicitly represented in
numerical simulations, they can have a great impact on simulation reproducibility. Some attempts have been made to account for the effects of subgrid-scale topography in global
atmospheric models through effective roughness length or
orographic drag parameterization (e.g., Milton and Wilson
1996; Lott and Miller 1997). However, most mesoscale simulations do not consider the effects of submesoscale topography
unless they are explicitly represented in the simulation with
sufficiently small grid spacing, which in turn can introduce errors and uncertainties in the results.
In this paper, we aim to examine the influence of submesoscale topography on precipitation associated with
thermally driven local circulations over a mountainous
region. For this purpose, an LES experiment over a large
domain with realistic topography was performed to resolve submesoscale variability and to collect a large
number of samples with widely varying topography. To
isolate the effect of submesoscale topography, a twin
simulation experiment was conducted, comprising two
simulation runs with identical experimental configurations
but different topographic data. The first simulation used a
realistic topography dataset, while the topography used in
the second had no submesoscale features. Differences
between the two runs were subsequently analyzed to understand the impacts on precipitation that are directly
attributable to submesoscale topography. Three cases
without synoptic-scale precipitation systems were selected
so that we could focus on precipitation associated with
local circulations.

2. Data and methodology

1 km

50 km

10 km

Not used
1 km (TOPO1km)
100 m (TOPO100m)
8 km

Kitamura 2018), and land processes by a multilayer diffusion
and bucket scheme. Planetary boundary layer turbulence by
the MYNN level 2.5 scheme (Nakanishi and Niino 2009) was
also used for the simulations in the outer domains. For nested
domain calculation, a cost-effective online nesting framework
(Yoshida et al. 2017) was used.
Bryan et al. (2003) suggested that a grid spacing on the order
of 100 m should be used for appropriate turbulence representation in moist convection simulations. Therefore, we used an
LES with a 100-m mesh. One-way online nesting was used to
produce four nested domains and the finest 100-m-mesh simulation was run.
The extent of each domain is shown in Fig. 1 and the
corresponding settings are summarized in Table 1. The
target region of the experiment includes both the plains and
mountains of the Kii Peninsula, which is the largest peninsula on the island of Honshu (the main island of Japan). This
region is surrounded by ocean on three sides: west, east, and
south. The highest mountain peak in the region is approximately 1900 m, and there are many peaks and mountain
ridges over 1500 m.
To only consider effects attributable to topography and to
avoid contamination by other types of surface heterogeneity,
the land and surface models used uniform land-use parameters,
including roughness length, albedo, and soil thermal conductivity. The typical values for deciduous broadleaf forest, which
is dominant in this area, were used. The values are summarized
in Table 2. All lakes and rivers were removed to eliminate extra
heterogeneity.
The initial and lateral boundary data for the outermost
domain were generated from the Global Analysis of the
Japan Meteorological Agency (JMA; https://www.jma.go.jp/
jma/jma-eng/jma-center/nwp/nwp-top.htm). The initial surface

a. Model and experimental settings
The numerical simulation model used for the simulations
was the Scalable Computing for Advanced Library and
Environment Regional Model (SCALE-RM) (Nishizawa
et al. 2015; Sato et al. 2015). The governing equations were
fully compressible nonhydrostatic equations. The following
parameterizations were used to represent the physical processes: cloud microphysical processes by a six-category onemoment bulk scheme (Tomita 2008), radiation transfer by a
k-distribution scheme (Sekiguchi and Nakajima 2008),
subfilter-scale turbulence by a Smagorinsky–Lilly type scheme
(Brown et al. 1994; Scotti et al. 1993), surface flux by a
similarity scheme (Beljaars 1995; Wilson 2001; Nishizawa and

TABLE 2. Land-use parameters.
Parameter

Value

Maximum soil moisture
Stomata resistance
Thermal conductivity
Heat capacity
Moisture diffusivity
Albedo for short wave
Albedo for long wave
Roughness length for momentum
Roughness length for heat and vapor

0.5 m3 m23
50 s21
1.0 W K21 m21
2 3 106 J K21 m23
1026 m2 s21
0.18
0.04
0.5 m
0.068 m
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(MGDSST; https://ds.data.jma.go.jp/gmd/goos/data/rrtdb/jmapro/mgd_sst_glb_D.html).

1) TWIN SIMULATION EXPERIMENT

FIG. 2. Spectrum of topographic elevation for domain IV in
TOPO100m (solid line) and TOPO1km (broken line).

and soil temperatures were modified considering the difference
in surface elevation between the analysis and the simulation. The daily mean sea surface temperature was given
externally and was generated from the Merged satellite and
in situ data Global Daily Sea Surface Temperature dataset

To explore the effect of topography on precipitation, a twin
simulation experiment was conducted. Other than topography,
the experimental configuration in domain IV was identical
between runs. In domains I, II, and III, the configuration including topography was identical between runs, ensuring that
the lateral boundary conditions for domain IV were the same
between runs.
The terrain data were generated from 50-m-mesh data based
on the digital elevation model of the Geospatial Information
Authority of Japan (https://www.gsi.go.jp/ENGLISH/index.html).
Using real terrain data, a wide variety of topography could be
considered in the experiment. During preprocessing, the elevation of each grid point was obtained via linear interpolation
of the 50-m-mesh data, before a spatial numerical filter was
applied to the field to remove high-wavenumber components.
The filter improved the numerical stability of the simulation.
For the finer-topography run (hereafter TOPO100m), the topography data of domain IV were prepared for a 100-m-mesh
simulation following preprocessing (Fig. 1b). Data for the

FIG. 3. Spatial distribution of the mean sea level pressure (top) simulated in domain I and (bottom) of the JMA Global Analysis at 0900
JST on (left) 14 Jul 2008, (center) 24 Jul 2010, and (right) 9 Aug 2011.
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FIG. 4. Spatial distribution of the Froude number just before sunrise. The local time is 0440, 0450, and 0500 JST in cases 1, 2, and 3,
respectively.

coarser-topography run (hereafter TOPO1km) were prepared
for a 1-km-resolution simulation and subsequently interpolated for the 100-m mesh (Fig. 1c). The filter mostly removed
components smaller than 2 km for TOPO1km and smaller than
200 m for TOPO100m, as shown in Fig. 2. Components larger
than approximately 3 km were almost identical in both runs,
while submesoscale components, i.e., those smaller than a few
kilometers, existed only in TOPO100m.

2) TARGET CASES
Three cases corresponding to periods with daytime precipitation without the presence of a synoptic-scale precipitation
system in the target region were selected: 14–15 July 2008, 24–
25 July 2010, and 9–10 August 2011 (hereafter referred to as
case 1, case 2, and case 3, respectively). On these days, a high
pressure system was present in the experimental region
(Fig. 3), and temperatures rose above 300 K in many places.
The mountain Froude number Fr (defined as Fr 5 V/(NH),
where V is the characteristic wind speed, H is the mountain
height, and N is the Brunt–Väisälä frequency) provides a
rough estimate of the dominance of thermal and mechanical
forcing; the former is dominant when Fr , 1 and the latter is
dominant when Fr . 1 (e.g., Smith 1979; Hagen et al. 2011).

Figure 4 shows the Froude number immediately before sunrise on each day of each case. Here, N was calculated using
the vertical gradient of the virtual potential temperature
between a height of 500 and 3000 m and V was the mean velocity between these heights. Although the number was near
unity in case 1, it was mostly less than 1 over the mountainous
region in all cases. This implies that thermal forcing was more
dominant than mechanical forcing in these cases.
In each case, the model was run for 48 h from 1200 UTC
[2100 Japan standard time (JST)] on 13 July 2008, 23 July 2010,
and 8 August 2011. The last 39 h of data (i.e., 0600–2100 JST
the following day) were used for analysis. The analyses were
performed in domain IV except for the lateral nudging region.
Several analyses were performed on daytime data, where
daytime is defined as 0600–1800 JST.

3) MODEL EVALUATION
Qualitative comparisons of model-simulated data and observational data were conducted to evaluate the simulation
results.
First, the synoptic-scale distribution of the mean sea level
pressure was compared with the analysis data used as the initial
and lateral boundary conditions. Figure 3 shows the mean sea
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FIG. 5. Spatial distribution of (a),(b) daytime-mean precipitation
averaged over the three cases in TOPO100m and TOPO1km, respectively; (c) difference between (a) and (b); and (d) daytimemean precipitation of Radar-AMeDAS observational data. The
thin line represents the contour of 400-m surface elevation in
TOPO1km. The thick line is the coastline. The blue dashed line
shows the area shown in Fig. 11.

level pressure distribution of the simulation result in domain I
and the analysis for the three cases. The spatial distributions
show a similar pattern with a slightly different magnitude.
Second, the simulated precipitation results were compared
with JMA Radar–Automated Meteorological Data Acquisition
System (AMeDAS) precipitation analysis, an hourly precipitation
dataset over the Japanese islands, with a spatial resolution of approximately 1 km based on radar and AMeDAS rain gauge network data. The spatial distribution of daytime-mean precipitation
averaged over the three cases is shown in Fig. 5. Precipitation was
located in a similar area. However, its magnitude was small in the
simulations. The difference was the largest in case 1.
Finally, the surface wind speed was compared with the
JMA AMeDAS surface observational data. The locations of
the observation stations are shown in Fig. 1. Figure 6 shows the
temporal evolution of 10-m wind speed averaged over the
stations. The diurnal variations of the mean and standard deviations demonstrate good agreement in each of the cases.
These comparisons reveal that the simulation results are
sufficiently realistic, although with some quantitative differences. As an idealized surface condition (i.e., homogeneous
land-use parameters) was used in this experiment, the exact
reproduction of observational data was not expected. The
observed discrepancies notwithstanding, as we herein aimed
to describe the influence of topography by comparing the

results of twin modeling runs, the qualitative analysis was
considered valid.

b. Upslope flow composite
Upslope flow on mountain slopes is one of the most important phenomena in thermally driven local circulation over
mountain regions. To investigate the statistical characteristics
of upslope flow, we conducted a composite analysis. To make a
composite of upslope flow, typical upslope flow cases were
collected.
First, ridges and valleys, defined as the local maxima and
minima of the surface elevation in one direction, respectively,
were detected using a ridge detection method (Lindeberg
2008) (see the appendix for details). Second, the ridge points
under weak background wind conditions were extracted, in
which the cross-ridge wind at the ridge was less than 1 m s21 in
the bottom layer. Third, an upslope flow region is defined for
each extracted ridge point to satisfy the following conditions:
(i) the region is in the normal direction of the ridge; (ii) the
region does not cross a valley (i.e., the region does not extend
beyond the nearest valley); (iii) the ridge is the highest point in
the region (i.e., the region does not extend beyond a surface
point higher than the ridge except at points within the filter
length s from the ridge); and (iv) in the region, the along-slope
wind (i.e., the wind in the direction normal to the ridge in the
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FIG. 6. Temporal evolution of 10-m absolute wind velocity averaged over the AMeDAS surface observation points shown in Fig. 1. Solid
and broken lines denote the mean and range with one standard deviation, respectively. The black and red lines show the results of the
simulation and AMeDAS observations, respectively.

bottom layer) is directed to the ridge, except at points within
the filter length s from the ridge. Here, the filter length is the
length used to detect the ridge (see the appendix). Fourth,
along-slope winds at the bottom layer were separately averaged on both sides of the ridge in the region, and the regions in
which the convergence of the upslope flow were considered
strong enough (i.e., the difference in averaged wind velocity
between both sides is larger than 2 m s21), were collected.
Finally, the variables were averaged over all collected regions
to form a composite.
Figure 7 shows the temporal change in the number of collected upslope flow regions. It was found that the number
drastically increased after 0800 JST, peaked at 1000–1100 JST,
and then gradually decreased. Such changes are generally
consistent with the change in solar heating of the slope.
The composite result can depend on the filter length s. By
varying the value, the sensitivity of the results to the value was
also investigated.

c. Cold pool detection
Cold pools are an important phenomenon as they induce
moist convection. To statistically investigate cold pools, a cold

pool detection procedure was developed. First, cold pool fronts
were detected, followed by grouping of the fronts into cold
pool events.

1) COLD POOL FRONT
To detect a cold pool front, variables were temporally averaged over a certain period T, and three-dimensional variables were also averaged from the surface to height H. Cold
pool fronts were defined as points where (i) the averaged potential temperature decreases by more than DT, (ii) the averaged sensible surface heat flux is positive, (iii) the averaged
liquid water pass is less than Ql before the cold pool front
passes, (iv) the potential temperature decrease is a temporal
maxima, and (v) the temperature decrease is the highest in the
horizontal direction of the averaged wind.
The condition of the positive surface heat flux is to exclude
temperature decrease due to surface flux. To reduce fluctuations due to turbulence, the time period T was set to 30 min,
which is approximately the eddy overturning time of turbulence. The sensitivity test to DT and Ql was investigated.
Figure 8 shows an example of the temporal evolution of
cold pools. Initially, cold pool fronts were detected around a
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FIG. 7. Number of selected regions for upslope flow composite normalized by the total number of ridge points.

ridge at x 5 80, y 5 75 km; they then expanded. The movement of the detected fronts was accompanied with a large
liquid water path.

2) COLD POOL EVENT
To group the cold pool fronts into cold pool events, the
migration of the cold pool fronts was tracked. We defined
all cold pool front points satisfying the following conditions as the same cold pool event: (i) front points at the
same time step within a radius R from each other and (ii)
front points within radius R from a point where a front
point at the next time step is advected backward to the
target time step.
The time when the cold pool front was first detected in a cold
pool event was defined as the start time of the event, and the
elapsed time from the start time was called the age of the cold
pool. In addition, we excluded cold pool events originating
from the ocean.
The choice of R has an impact on the event grouping; a larger
value tends to identify more fronts as the same event, while
smaller values cause more fronts to be attributed to separate
events. Different values of R were used to examine the sensitivity of the result to the value.

3. Results
a. Statistical characteristics
Figure 5 shows the spatial distribution of daytime-mean
precipitation averaged over the three cases. The amount of
precipitation is larger in TOPO1km than in TOPO100m. The
spatial patterns of precipitation are similar in TOPO100m and
TOPO1km, with most precipitation observed over mountainous areas. The rates of precipitation over the ocean are close to
zero, suggesting that precipitation is linked to thermally driven
convection associated with solar heating on the mountain
surface.

Figure 9 shows a histogram of the 10-min daytime precipitation over land. The total precipitation is larger in TOPO1km
than in TOPO100m in all three cases, suggesting that the
presence of submesoscale topography reduces precipitation.
This contrasts with the results of Oizumi et al. (2018) and
Takemi (2018); when the mechanical effect of topography
was dominant, precipitation was enhanced. The difference
in total precipitation is mainly due to intense precipitation
over 1 mm h21.
The temporal evolution of mean precipitation over land
shows clear variation over the course of the day (Fig. 10).
Most precipitation occurs in the daytime, with a peak
around 1500 JST. The difference between TOPO100m
and TOPO1km is clear between morning and around
1500 JST, and at night. As the absolute magnitude of precipitation at night is small, we herein focused on daytime
precipitation.

b. Convection due to upslope flow
In the morning, precipitation is clearly located over the
mountainous area, with most precipitation found around the
mountain ridges (Fig. 11). Figure 12 presents an example
of a vertical cross section for morning wind velocity in case
3. It clearly shows a flow climbing the slope near the surface.
The upslope flow converges around the ridge, where an
updraft is formed. The updraft is stronger in TOPO1km
than in TOPO100m. The cross section for TOPO100m
shows flows in the normal direction to the land surface at
several places other than the main ridge. This seems to be
common, and the same observation can be made in all three
cases. These flows could be forced owing to small-scale
surface relief. The relation between the flow that detaches
from the surface and the relief is discussed later in this
subsection.
To investigate the statistical difference in updraft associated with the convergence of the upslope flow, a composite
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FIG. 8. Example of the temporal evolution of the liquid water path (grayscale) and the detected cold pool fronts
(symbols). The same symbols represent the front points grouped as the same cold pool event. The red points are the
ridge extracted by the ridge detection with s 5 5 km.

Unauthenticated | Downloaded 01/09/23 09:12 AM UTC

2520

JOURNAL OF THE ATMOSPHERIC SCIENCES

VOLUME 78

FIG. 9. Histogram (bars) and accumulated histogram (lines) of the 10-min daytime precipitation on land. The horizontal axis is in mm h21.
The results for TOPO100m are represented in black and those for TOPO1km in red.

analysis around the ridges was performed. A composite of the
cross section in the normal direction to the ridge was made,
following the process described in detail in section 2b. To
make the composite, a scale length of 1 km was used for ridge
detection in order to extract the ridges and valleys at a larger
scale than the submesoscale.

The along- and off-surface velocity, U and W, respectively,
are defined as
U5

(u 1 hx w) cosu 1 (y 1 hy w) sinu
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ ,
(hx cosu 1 hy sinu)2 1 1

(1)

FIG. 10. Temporal evolution of (top) spatially averaged 10-min precipitation (mm h21) on land and (bottom) ratio between those in
TOPO1km and TOPO100m. The results for TOPO100m are represented in black and those for TOPO1km in red in the top panels. The
horizontal axis indicates JST.

Unauthenticated | Downloaded 01/09/23 09:12 AM UTC

AUGUST 2021

2521

NISHIZAWA ET AL.

FIG. 11. As in Fig. 5, but averaged over morning (0600–1200 JST). The focus area is shown as a blue dashed line in Fig. 5. The contours
represent surface elevations of 400, 800, and 1200 m in TOPO1km. The blue line shows the range shown in Fig. 12.

2hx u 2 hy y 1 w
W 5 qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ ,
h2x 1 h2y 1 1

(2)

where h is the surface elevation and u is the azimuthal angle
of the normal direction of the ridge line. The subscripts x
and y indicate the derivative in the x and y directions, respectively. The composite of the velocity field shows that the
updraft near the ridge is taller and wider in TOPO1km than
in TOPO100m (Fig. 13). Corresponding to the updraft, a
higher mixing ratio of hydrometeor and greater precipitation near the ridge is observed in TOPO1km than in
TOPO100m.

The upslope flow transfers water vapor from the surrounding valleys and/or plains, where moisture is generally
richer, to the ridge. The equivalent potential temperature ue
averaged over the upslope flow is larger in TOPO1km than
in TOPO100m (Fig. 14), while it shows similar values
around r ; 5 km, where r is the distance from the ridge. The
potential temperature shows similar values where r , 3 km,
indicating that the difference in ue is mainly due to the difference in water vapor. Higher values of ue, i.e., more moisture,
favor more active moist convection and consequently more
precipitation around the ridge. Figure 15 shows the composite
of convective available potential energy (CAPE); it is larger in

FIG. 12. Vertical cross section of projected wind (arrows) and the magnitude of its component (colors) in the
direction normal to the surface at 1010 JST in case 3 at y 5 84 km. The location of this section is shown as a blue line
in Fig. 11.
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FIG. 13. Vertical cross section of the composite of the upslope flow between 0900 and 1200 JST. (top) Arrows
show the flow vector (U, W ), colors show the magnitude of its component in the direction normal to the surface, and
contours show the total hydrometeors (g kg21). (bottom) The precipitation rate. The x axis represents the distance
from the ridge.

TOPO1km, corresponding to the higher ue value. The alongslope fluxes of ue and mass by the upslope flow, fue and fm, respectively, were calculated as
ð zmax
fu 5

0

e

ð zmax
fm 5

0

rUue cos(u) dz
ð zmax
,
r dz

(3)

0

rU cos(u) dz
ð zmax
,
r dz

(4)

0

where tanu 5 dh/dr, and zmax 5 400 m. The flux of ue and
momentum toward the ridge is larger in TOPO1km, i.e., large
negative values, than in TOPO100m, which is consistent with
the higher ue (Fig. 14). The flux tends to decrease with decreasing distance, indicating that the flux is converging in the
slope direction. The convergence is especially large around r ;
3–4 km in TOPO100m. In general, updrafts reduce the local ue
and momentum by ventilating air with high ue and large momentum into the upper atmosphere. Many detachments observed at places other than the ridge due to the small-scale
relief in TOPO100m generate more vertical motions than in
TOPO1km, which is consistent with the larger convergence
and smaller flux. Turbulence also reduces the flux by mixing

with upper air. Figure 16 shows the mean and standard deviations of U, W, and ›U/›t averaged up to a height of 300 m. The
standard deviation of these quantities is larger in TOPO100m
than in TOPO1km, while their mean values show negligible
difference. The larger standard deviations of velocities support
the larger variety of the direction of the surface flow and/or
larger turbulent activity in TOPO100m than in TOPO1km. For
surface flow detachment, it is important that the surface is not
streamlined (e.g., Hoerner 1965), and detachments are more
likely to occur with larger surface curvature, which generally
characterizes small-scale topographic features. An adverse
pressure gradient, which is a pressure change opposing the fluid
motion, is necessary for the detachment (e.g., Pritchard and
Leylegian 2011). The larger standard deviation of the pressure
gradient force suggests that adverse pressure gradients occur
more frequently in TOPO100m. In summary, small-scale relief
induces the detachment of upslope flows and vertical mixing
via turbulent activity, reduces the convergence of mass and
moisture fluxes to large-scale ridges, and alters the conditions
for moist convection.
We conducted sensitivity tests in the upslope flow composite analysis with a different length scale of ridge detection of 2 km. The results of the sensitivity tests confirmed
that our conclusions are not qualitatively dependent on the
value. Furthermore, all analyses were individually performed for each case (i.e., case 1, case 2, and case 3), as they
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FIG. 14. Dependency of the composite of (a) equivalent potential temperature, (b) potential temperature, (c) specific humidity,
(d) equivalent potential temperature flux, and (e) mass flux averaged from the surface to 400-m height on the distance from ridge. The
results for TOPO100m are represented in black and those for TOPO1km are in red.

were with all three cases considered collectively as conducted
above. The same qualitative results were obtained when each
case was separately analyzed. These corroborate the robustness of the results obtained.
To substantiate the differences in vertical motion, an analysis of upward plumes was conducted. A plume is defined as a
cluster of upward flow larger than a certain threshold value;
any adjacent grids that have a vertical velocity larger than the
threshold value are grouped together as the same plume. Note
that various stages of a plume’s life are included as they are
detected instantaneously. A strong plume is defined with as
one having a threshold vertical velocity of 5 m s21; a weak
plume is defined as having a threshold vertical velocity of
2 m s21. Here, the definition of weak plumes excludes plumes
with a maximum vertical velocity . 5 m s21. Figure 17 shows
the characteristics of the plumes. The strong and weak plumes
are most abundant around 1400 and 1200 JST, respectively
(Figs. 17a,g). The number of strong plumes is larger in
TOPO1km than in TOPO100m, while the number of weak
plumes is much larger in TOPO100m. The daytime-mean
number of weak plumes with a top height of , 2 km is much
larger in TOPO100m than in TOPO1km (Fig. 17i). However,

the number of strong plumes with top heights . 2 km is larger
in TOPO1km (Fig. 17c). The mean plume-top height is consistently higher in TOPO1km than in TOPO100m for both the
weak and strong plumes during the daytime (Figs. 17b,h). This
indicates that there are many upward plumes at lower altitudes
in TOPO100m but that the majority do not reach higher altitudes. This is consistent with the many detachments and updrafts at lower altitudes discussed above. The differences in
plume-top height can be attributed directly to the size of the
plumes. In this study, the size of the plume is defined as the
maximum horizontal size of the plume in the vertical direction.
Figures 17d and 17j show the dependencies of the daytime-mean
size on the plume-top height for the strong and weak plumes,
respectively. For the strong plumes, the plumes with higher top
heights tend to be larger. The same trend is observed for weak
plumes below 2 km. The mean size of the strong plumes is larger
in TOPO1km than in TOPO100m, and the difference increases
with the height of the plume top. The mixing rate with surrounding cooler air at the plume boundary is greater for smaller
plumes owing to their larger surface-to-volume ratio (e.g.,
Turner 1962), which in turn decreases their buoyancy and limits
their capacity to gain altitude. This is a possible explanation for
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FIG. 15. Temporal evolution of the composite of CAPE. The
results for TOPO100m are represented in black and those for
TOPO1km are in red. The solid and broken lines show the average
between r 5 0–500 and 1000–3000 m, respectively.

the presence of few strong and high plumes in TOPO100m,
despite the presence of many weak and low plumes.
Next, the characteristics of the moist diagnostics of the plumes
were investigated. The equivalent potential temperature of a

VOLUME 78

plume is defined as the maximum ue in the plume. The ue of a
plume that reaches more than 2 km tends to be a few degrees
higher in TOPO100m than in TOPO1km (Fig. 17e). This implies
that the ue required for the plume to reach a certain level is
higher in TOPO100m than in TOPO1km. This supports the
possibility of greater mixing at the plume boundary in
TOPO100m. Figures 17f and 17l show the daytime ratios of
the saturated plumes that contain saturated air for the strong and
weak plumes, respectively. The results show that most weak
plumes are not saturated, while most strong plumes are saturated.
Even though the number of plumes at a lower height is larger in
TOPO100m than in TOPO1km, moist convection is less likely to
occur in TOPO100m because fewer plumes reach the level of free
convection. In other words, updrafts due to upslope flow convergence near large-scale ridges tend to be wider and stronger in
the absence of small-scale topographic relief, resulting in more
plumes becoming stronger through moist processes.

c. Convection due to cold pools
Precipitation associated with cold pools was also observed.
Figures 18 and 19 show examples of the temporal evolution of
the velocity and potential temperature near the surface in case
2 and case 3, respectively. In its early stages, a large liquid

FIG. 16. Composite of (left to right) U, W, ›U/›t, and the standard deviation of ›U/›t, respectively. These parameters are averaged over
1000 and 1200 JST and a height of 0–300 m. The black, red, and green lines in the right two columns represent the tendency due to
advection in the direction parallel to the surface, advection in the normal direction, and the pressure gradient, respectively.
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FIG. 17. Characteristics of upward plumes. Results for (top) strong and (bottom) weak plumes are shown. The temporal dependency of
(a),(g) number of plumes and (b),(h) the plume-top height. The plume-top height dependency of the daytime average (c),(i) number,
(d),(j) horizontal size, (e),(k) equivalent potential temperature, and (f),(l) ratio of saturated plumes. The results for TOPO100m are
represented in black and those for TOPO1km are in red. The blue lines in (c)–(e) and (i)–(k) indicate the difference between TOPO100m
and TOPO1km, respectively.

water path is observed around the mountain ridge (x 5 90–
95 km in case 2 and x 5 80–85 km in case 3). These are associated
with moist convection caused by upslope flow convergence.
Temperatures subsequently decrease due to the evaporation of
raindrops near the surface and the cold temperature migrates eastward (westward) with eastward (westward) velocity in case 2 (case
3). The elevation profile shows that the cold pool travels down the
mountain slope. Its downward migration is accompanied by the
eastward (westward) shift of the large liquid water path in case 2
(case 3), which would indicate new convection generated by the
movement of the cold pool. These characteristics are consistent with
those obtained in an idealized experiment by Panosetti et al. (2016).
To statistically examine cold pools, cold pool fronts and cold
pool events were detected following the procedure described in
section 2c. Here, a cold pool front is defined as points where the
decrease in potential temperature is locally maximum. A cold pool
event is defined as a set of cold pool fronts assessed as belonging to
the same event. The parameters in the detection, H, DT, Ql, and R
were set as 200 m, 2 K h21, 500 g m22, and 10 km, respectively.
Composites of the temporal evolution of potential temperature and velocity at the detected fronts in all three cases are

shown in Figs. 20a and 20b, respectively. The velocity at the
front corresponds approximately to the speed of the migration
of the cold pool. The difference in corresponding values for
TOPO100m and TOPO1km was not observed to be statistically significant, except for the initial velocity (at age 5 0).
Composites of temporal changes in precipitation and liquid
water path show that they dramatically increase when the cold
pool front passes and the change in the liquid water path precedes that in the precipitation (Fig. 21). Significant differences
were also not observed for these quantities. This suggests that
submesoscale topography does not significantly affect the migration and evolution of cold pools in the way that it affects
upslope flow, as shown in the previous subsection. On the
contrary, the numbers of cold pool fronts and events are larger
in TOPO1km than in TOPO100m (Figs. 20c,d). These differences existed from the beginning. The difference in the initial
state was caused by differences in rainfall induced by upslope
flow; more precipitation around the ridges induced by stronger
upslope flow results in larger diabatic cooling due to the
evaporation of precipitation near the surface. This is consistent
with the significant difference in the initial velocity seen in
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FIG. 18. Example of the temporal evolution of (a),(e) velocity, (b),(f) potential temperature anomaly, and (c),(g) liquid water path related to a
cold pool event at x 5 85–115 km averaged over y 5 45–50 km in case 2. (d),(h) The surface elevation. Results are from (top) TOPO100m
and (bottom) TOPO1km. The potential temperature anomaly is the difference from the temporal average over the shown time range. The green
3 symbols represent the detected cold pool fronts in the range of y. The y axes of (a)–(c) and (e)–(g) are the hour (JST) on 25 Jul 2010.

Fig. 20b. Based on these results, it is suggested that cold pools
linked to precipitation induced by the upslope flow amplify the
difference in the precipitation between TOPO100m and
TOPO1km. In other words, cold pools enhance the weakening
effect of submesoscale topography.
To explore the reason for why submesoscale topography does
not have a significant impact on cold pool migration and evolution
(i.e., their speed and temperature decrease), the preferred location of each cold pool front was examined. The index Fcpf was
defined to indicate whether cold pools are located near a valley
or a ridge, as follows. Let i indicate an individual cold pool event
(i 5 1, . . . , I) and let ntotal,i be the total number of cold pool front
points of the event i, where I denotes the total number of events.
For all front points, determine whether the point is closer to the
nearest valley or ridge; nvalley,i is the number of cold pool front
points belonging to event i where the nearest valley is closer than
the nearest ridge, and nridge,i is the number of points where the
nearest ridge is closer than the nearest valley. These numbers are
then normalized by the total number and summed for all events:
I
Nd 5 åi51 nd,i /ntotal,i , where d is the valley, ridge, and total. Using
the total normalized number, the index is defined as

Fcpf 5

Nvalley 2 Nridge
Ntotal

.

(5)

Alternatively, it can be written as
Fcpf 5

1 I
åf ,
I i51 cpf,i

(6)

where fcpf,i 5 (nvalley,i – nridge,i) /ntotal,i. An index greater
(smaller) than 0 indicates that cold pool fronts are more likely
to be located near valleys (ridges). Following the same principle, the index Fland can be calculated from all the land grid
points instead of cold pool front points:
Fland 5

nlvalley 2 nlridge
nltotal

,

(7)

where nlvalley (nlridge) is the number of land grid points at which
the nearest valley (ridge) is closer than the nearest ridge (valley), and nltotal is the total number of land points. Figure 22
shows that F land is negative, meaning there are more ridge
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FIG. 19. As in Fig. 18, but at x 5 65–85 km, y 5 75–80 km in case 3 on 9 Aug 2011.

points than valley points. This is more apparent for the
larger scale length s of ridge detection, which is a filter
length for a low-pass filter (the definition of s can be
found in the appendix). If the cold pool front index F cpf is
greater (smaller) than the land point index F land , then the
cold pools are more likely to be located near valleys
(ridges). Figure 22 shows the temporal change of the
preference F cpf 2 F land . For s 5 100 and 200 m, the preference is positive through the cold pool lifetime, indicating that cold pools are located near small-scale valleys
throughout their life. However, the preference for the
large-scale length shows that younger cold pools are more
likely to be located near large-scale ridges. As they age,
they then tend to be located nearer to large-scale valleys.
This suggests that cold pools descend from a large-scale
ridge through small-scale valleys to a larger-scale valley.
As valleys are orographically formed so that water flows
efficiently to the lowest altitude, the downward migration of cold pools is not prevented by submesoscale
topography.
We also conducted sensitivity tests in these analyses with
different parameters of Dt, Ql, and R and the same analyses
individually for each case: DT 5 3 K h21, Ql 5 100 g m22, and
R 5 5 km. As well as the sensitivity tests in the upslope flow

composite analysis, these show qualitatively same results as
those obtained above.

4. Concluding remarks
In this study, the influence of submesoscale topography
on precipitation associated with thermally driven local
circulations over a mountainous region was investigated
using an LES experiment on a 100-m mesh. Submesoscale
topography was observed to have a weakening effect on
precipitation. Upslope flow, thermally driven by daytime
solar heating of the mountain surface, interacts with submesoscale topographic features, leading to detachment of
the upslope flow from the land surface and vertical turbulent mixing. This tends to weaken the upslope flow and its
mass and moisture transport toward large-scale mountain
ridges. These dry processes change the conditions for moist
convection around the large-scale ridges: the horizontal
size of convection and decrease in equivalent potential
temperature. The change in the precondition for large-scale
moist convection reduces the amount of precipitation associated with the convergence of upslope flow. These results indicate the importance of considering submesoscale
topography and atmospheric variability.
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FIG. 21. Composite of temporal change in (a) precipitation rate
and (b) liquid water path at the cold pool front points. The solid and
broken lines show the results of TOPO100m and TOPO1km, respectively. The horizontal axis is the lag from the time when the
front was detected.

FIG. 20. Temporal evolution of (a) the temperature decrease and
(b) velocity of the cold pool and the number of (c) cold pool fronts
and (d) cold pool events. The solid and broken lines show the results of TOPO100m and TOPO1km, respectively. The red 3
symbol in (b) indicates that the difference is statistically significant
at the 99% confidence level; the temperature differences shown in
(a) are not statistically significant. The horizontal axis indicates the
age of the cold pool.

The rainfall associated with upslope flow convergence is
accompanied by diabatic cooling due to the evaporation of
raindrops, generating cold pools around the mountain ridges.
These cold pools descend through small-scale valleys, and their
downward migration can be another cause of precipitation.
The number of cold pools depends on the intensity of the
rainfall associated with the upslope flow. The number is greater
in TOPO1km than in TOPO100m. The difference in the
number of cold pools results in a difference in the amount of
precipitation associated with the cold pools: The amount of
precipitation is higher in TOPO1km than in TOPO100m. In
our experiment, this effect enlarged the difference in the total
amount of precipitation in the two runs with different topographies. Therefore, cold pools amplify the weakening
effect of submesoscale topography on precipitation induced
by upslope flow.
Submesoscale topography does not affect the properties
of individual cold pools, such as the temperature or speed
of migration. The asymmetric characteristic in the effects of
small-scale topographic relief between upslope flow driven by

surface heating and downslope migration of cold pools is attributed to the orographic nature of realistic terrain: Valleys
are formed such that water flows efficiently to the lowest altitude. This result was obtained using realistic topography rather
than idealized topography.
Oizumi et al. (2018) and Takemi (2018) both reported that
submesoscale topography has an enhancing effect on precipitation. The discrepancy between the results of these studies
and the results presented here appears to be due to the background environment. Oizumi et al. (2018) and Takemi (2018)
investigated precipitation linked to synoptic-scale systems.
Takemi (2018) demonstrated that horizontal convergence near
the surface is stronger with finer terrain data. Furthermore,
higher mountain and ridge peaks would enhance mechanical
forcing such as the enhancement of the trigger processes of
moist convection, thereby resulting in increased precipitation
and concentration of precipitation areas. Submesoscale topographic features will have an impact on the elevation of
mountain peaks and large-scale ridges. At these locations,
small-scale features generally have a large amplitude and are in
phase with large-scale features (i.e., they peak at approximately the same point). As a result, the elevation, which is the
summation of all components, tends to be higher owing to the
existence of small-scale features. In fact, Oizumi et al. (2018)
and Takemi (2018) pointed to higher mountain peaks for
higher-resolution topography data. By contrast, anabatic winds
are generally not dominant against background winds under
synoptic-scale systems. Background winds tend to have a
deeper surface flow than the anabatic flow, on which submesoscale topographic relief has less influence. Therefore, the
weakening effect on the surface flow observed herein is not
likely to be dominant under large-scale precipitation systems.
This study highlights a new way by which submesoscale
topography affects precipitation. Submesoscale topography
has a significant impact on large-scale atmospheric phenomena through various processes such as those shown by our
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the enhancement of the effect by cold pools accompanying
precipitation around large-scale ridges as a secondary effect
of the topography. Feedback from clouds associated with
the topographic thermal effect on convection around largescale ridges may also exist. Wang and Kirshbaum (2015)
showed that clouds have negative feedback on topographic
thermal effects: Due to convection around ridges, clouds
shade solar insolation, which reduces the surface heat flux,
weakens upslope flow, and consequently limits convection
around the ridge. Precipitation also reduces the surface flux.
Wang and Kirshbaum (2015) observed that owing to negative feedback, the moist stability increased only during the
early morning. However, in the cases in our study, the moist
stability continued to increase in the evening, as shown in
Fig. 15. This implies that negative feedback was not significant in our cases. Nevertheless, to understand the effect of
submesoscale topography quantitatively, exploration of
such interactions and feedbacks is important.

FIG. 22. Temporal evolution of the index Fcpf – Fland of the cold
pool front in (a) TOPO100m and (b) TOPO1km. The 3 symbols
on the right-hand side of the panels represent the index Fland. The
colors represent the scale length in the ridge/valley detection:
100 m (black), 200 m (red), 500 m (green), 1 km (blue), 2 km (cyan),
5 km (purple), and 10 km (orange).

current and previous studies depending on the environment. This suggests that developing an understanding of
the various effects of submesoscale topography may be a
challenge for the future. Mesoscale simulations, wherein
the effects of submesoscale topography cannot be explicitly represented, may have nonnegligible errors without
considering the effects of submesoscale topography.
Understanding these processes better can help improve the
accuracy of numerical simulations by introducing a parameterization of the effects of submesoscale topography
to mesoscale simulations. For instance, there might be an
additional turbulent kinetic energy source in the turbulent
scheme that triggers convections in the convection scheme
depending on subgrid-scale topography.
Various other interesting topics remain to be explored in
order to further understand topographic effects. In this study,
we focused on the effect of submesoscale topography on precipitation associated with thermally driven local circulations.
It is known that interactions between mechanical and thermal effects exist (Yang et al. 2008; Kirshbaum and Wang
2014; Kirshbaum and Fairman 2015). It is also known that
some secondary effects exist. In this study, we investigated
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APPENDIX
Ridge and Valley Detection
The ridge (valley) is defined as the points that are the local
maxima (minima) in surface elevation in one direction. The
detection procedure of Lindeberg (2008) was adopted.
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FIG. A1. Ridges (red) and valleys (blue) detected with s 5 2 km.

First, the smoothed elevation field L, called the scale-space
representation, is calculated using a Gaussian filter with a scale
length s from the surface elevation h:


 2
j 1 h2
dj dh
h(x 2 j, y 2 h) exp 2
2
2
2s
j2 1h2 #(ns)
,
L(x, y; s) 5

 2
ð
j 1 h2
dj dh
exp 2
2
2
2s
j2 1h2 #(ns)
ð

(A1)

FIG. A2. As in Fig. A1, but s 5 500 m.
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where n is a truncation limit introduced in this study and set at
n 5 4, and where the value of the exponential function is almost
0. Next, the eigenvalues Lpp and Lqq, where Lpp # Lqq, of the
Hessian matrix H are calculated, where
H5

Lxx
Lxy

Lxy
Lyy

!
.

(A2)

Here, the subscription represents a differential. A ridge is defined as a point where Lp 5 0, Lpp , 0, and jLppj $ jLqqj, where
Lp is the first derivative in the direction of the eigenvector
corresponding to the eigenvalue Lpp, and
Lp 5 sinbLx 2 cosbLy ,

vﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
3ﬃ
u2
u
u16
Lxx 2 Lyy
7
u 411 qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
cosb 5 t
5.
2
2
2
(Lxx 2 Lyy ) 1 4Lxy

(A3)

(A4)

Similarly, a valley is defined as a point where Lq 5 0, Lqq . 0,
and jLqqj $ jLppj.
For numerical calculations, the condition that Lp is the local
minimum was used in this study instead of the condition Lp 5 0.
Figure A1 shows the ridges and valleys detected with s 5
2 km. As components of topography larger than 2 km are almost identical between TOPO100m and TOPO1km, the detected ridges and valleys are very similar between the two
runs. A notable difference can be detected with s 5 500 m
(Fig. A2). Much smaller-scale ridges and valleys can be seen
in TOPO100m.
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