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1. Introduction

In order to improve quantitative precipitation fore-
casts for orographic rain associated with condition-
ally unstable flow over a mesoscale mountain, under-
standing of the basic dynamics is necesary. It has
been found that several flow and orographic parame-
ters, such as Fw (Fw = U/Nwh; Chu and Lin 2000),
CAPE, aspect ratio, moisture content, and vertical
distribution of moisture, dictate the nature of oro-
graphically induced convective systems. For exam-
ple, Chu and Lin (2000) identified three moist flow
regimes for two-dimensional flow over a mesoscale
mountain. Chen and Lin (2005a) extended that work
to three-dimensional flow over an idealized Alpine
mountain and found that a strong low-level flow is
able to produce large accumulations of precipitation
over the upslope of the 3-D mountains, which is con-
sistent with observations and the findings of Chu and
Lin (2000). Finally, Chen and Lin (2005b) inves-
tigated the combined effects of Fw and CAPE and
identified four flow regimes: (1) Regime I: flow with
an upstream propagating convective system and an
early, slowly moving convective system over the moun-
tain; (2) Regime II: flow with a long-lasting orographic
convective system over the mountain peak, upslope
or lee slope; (3) Regime III: flow with an orographic
convective or mixed convective and stratiform precip-
itation system over the mountain and a downstream
propagating convective system; and (4) Regime IV:
flow with an orographic stratiform precipitation sys-
tem over the mountain and possibly a downstream
propagating cloud system. Note that the fourth regime
(IV) was not included in the flow regimes proposed
by Chu and Lin (2000) and Chen and Lin (2005a). In
this study, we will consider the effects of the moun-
tain aspect ratio (h/a) and Fw on the formation and
propagation of precipitation systems associated with
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conditionally unstable flow over a two-dimensional,
mesoscale mountain.

2. Model description and experimental design

The Weather Research and Forecasting (WRF)
model version 2.0 (Chen and Dudhia 2000; Skamarock
et al. 2001), which is a compressible, 3D, nonhy-
drostatic model, was used for all simulations pre-
sented herein. The governing equations for the WRF
model are written in flux-form, and mass and dry
entropy are conserved. Terrain-following mass coor-
dinates (σ − p) are used. The Runge-Kutta third-
order time scheme and fifth and third order advec-
tion schemes are chosen in the horizontal and ver-
tical directions, respectively. An open (radiative)
lateral boundary condition in the north-south direc-
tion, a free-slip lower boundary condition, and a pe-
riodic boundary condition in the east-west are cho-
sen. In the horizontal direction, the domain is ex-
tended 1000 km with a grid spacing of 1 km while
in the vertical direction, the grids are stretched with
a total of 51 points from 1000 hPa on the surface
to model top (about 20 km). The Purdue-Lin (Chen
and Sun 2002) microphysics parameterization scheme
and turbulence kinetic energy diffusion scheme are ac-
tivated in all simulations. A 5-km deep sponge layer
is added to the upper part of the physical domain to
reduce artificial wave reflection. The idealized, two-
dimensional mountain geometry is given by

hsfc =
ha2

[(x− xo)2 + a2]
(1)

where hsfc is the terrain height, h is the mountain
peak height (2 km) and a is the mountain half-width.
The mountain is introduced impulsively into the ba-
sic flow at the time the simulation is started. All
simulations were integrated for 10 h with a time step
of 1 s.

The initial conditions are horizontally homoge-
neous. The sounding used in Chen and Lin (2005b),



Table 1: The classification of flow regimes with respect to the unsaturated moist Froude number (Fw) and
the aspect ratio. The mean basic wind and the half mountain width corresponding to each case are identified
in the parentheses. (A1, A2, A3, A4, A5) correspond to the aspect ratio = (2/7.5, 2/15, 2/22.5, 2/30. 3/45),
and (F1, F2, F3, F4, F5, F6, F7) correspond to Fw = (0.131, 0.262, 0.393, 0.524, 0.786, 1.048, 1.572).

A1 (7.5 km) A2 (15 km) A3 (22.5 km) A4 (30 km) A5 (45 km)
F1 (2.5 m s−1) I I I I I
F2 (5 m s−1) I I I I I

F3 (7.5 m s−1) I I I I I
F4 (10 m s−1) II I I I I
F5 (15 m s−1) III III II II II
F6 (20 m s−1) III III III III III
F7 (30 m s−1) IV IV III III III

which has a CAPE about 3000 J kg−1, is used. The
unsaturated moist Brunt-Väisälä frequency (Nw),
given by

N2
w =

g

θ̄v

∂θv

∂z
(2)

where θv is the virtual potential temperature, is ap-
proximately 0.0095 s−1. Note, Nw was estimated
from the surface to approximately 3 km in a column
far upstream from the mountain ridge and θ̄v is the
mean virtual potential temperature of this layer.

In order to study the effects of Fw and h/a on the
formation and propagation of orographically induced
convective systems, a two-dimensional matrix of ex-
periments was devised wherein first the basic state
wind, U , was varied in order to vary Fw. For these
experiments, a was held constant. The values of U
that were used are 2.5, 5, 7.5, 10, 15, 20 and 30 m s−1

which correspond to Fws of 0.131, 0.262, 0.393, 0.524,
0.786, 1.048, and 1.572, respectively. In the second
set of experiments, a was varied from 7.5, 15, 22.5,
30, and 45 km. In all experiments, h was 2 km. A
summary of all experiments performed can be found
in Table 1.

3. Results and discussion

Let us first consider the flow response when a is
held constant while U is varied. When h/a is fixed,
the flow transitions to a higher numbered regime as
Fw is increased. This result is consistent with previ-
ous studies (Chu and Lin 2000; Chen and Lin 2005b).
It is also found that a slightly larger Fw is required
for the regime transition to occur when the aspect ra-
tio (mountain width) becomes smaller (larger) (i. e.,
column A1 vs. column A5 in Table 1). This can
be understood through comparison of the advective

time scale (τadv = 4a/U) with the cloud time scale
(τcloud

∼= 1200 s). As a is increased (i. e. h/a is de-
creased), τadv increases which implies convective sys-
tems have a longer residence time on the upstream
side of the mountain. In consequence, a stronger cold
pool can be produced to act against the basic-state
flow. This further acts to propel the flow to a low
numbered regime. Therefore, a larger Fw is required
in order to shift the flow toward a higher numbered
regime.

One unique result uncovered from the simulations
with varying Fw is that of the domain integrated ac-
cumulated rainfall. When the basic wind speed is
large compared to the mountain half-width, τadv is
very small and the flow becomes non-hydrostatic. In
the extreme case of a = 7.5 km and U = 30 m s−1,
τadv ∼ 1000 s which is shorter than τcloud. Hence,
there was insufficient time for convective cloud devel-
opment in airstreams as they crossed the orography
and the overall precipitation was less than in neigh-
boring cases in the flow regime diagram (Table 1;
A1F6 and A2F7).

Now let us consider what happens when Fw is
held constant while a is varied. According to Ta-
ble 1, the flow regime classification is not dependent
on the aspect ratio if Fw is small (i. e. U ≤ 7.5 m
s−1). This is because the basic flow is hydrostatic
and the basic state wind is too weak to overcome
the barrier presented by the mountain. Although all
cases with U ≤ 7.5 m s−1 are classified as belong-
ing to regime I, the accumulated precipitation pat-
terns can be quite different as is shown in Fig. 1.
This figure shows the 10 h accumulated precipitation
for cases A1F3 to A5F3. For each simulation, the
main or primary precipitation maximum is located
over or near the mountain peak. Each simulation
also has a secondary maximum located between 100



Figure 1: Spatial distribution of total accumulated
rainfall (mm) after 10-h simulations for the mountain
half width of 7.5 km (thick dashed line), 15 km (thin
dashed line), 22.5 km (thick long-dashed line), 30 km
(thick solid line), and 45 km (thin solid line). The
basic wind speed is 7.5 ms−1 and the mountain height
is 2 km.

and 200 km upstream of the mountain peak. The
larger the mountain half-width, the farther upstream
this secondary maximum is positioned. The explana-
tion for this is relatively straight-forward. When the
mountain half-width is increased, the area of lifting
is much broader and the leading convective cell is lo-
cated farther upstream. This, along with a stronger
cold pool as mentioned earlier (i.e., longer advection
time), explains why the convective system can propa-
gate further upstream when the half mountain width
is increased.

Although the spatial distributions of the total rain-
fall amounts are very different for the different cases
presented in Fig. 1, this does not have strong impact
on the domain integrated rainfall amount. In other
words, the domain integrated rainfall amount is al-
most independent of the half mountain width during
the 10h simulation if the basic mean wind speed is
fixed. This can be observed in Fig. 2, which shows
domain integrated accumulated rainfall at even hours
for A1F3 to A5F3. Notice that at each time shown,
the accumulated precipitation amounts are very sim-
ilar in each simulation. In fact, this conclusion is ap-
plicable to every case examined here except for A1F7
(U = 30 ms-1 and a = 7.5 km) whose accumulated
rainfall is smaller than A2F7 to A5F7 during the en-
tire 10h simulation (figure not shown). The reason
is due to small advection time when flow crosses the

Figure 2: Accumulated total rainfall (× 1000 mm)
after 2h, 4h, 6h, 8h, and 10h integration for the half
mountain width of 7.5 km (white), 15 km (hatched),
22.5 km (gray), 30 km (hatched), and 45 km (black-
filled). The basic wind speed is 7.5 ms−1 and the
mountain height is 2 km.

mountain for this case.
When Fw is increased above 0.393 (U ≥ 7.5 m

s−1), the precipitation pattern and nature of convec-
tion are dictated by both Fw and h/a. According to
Table 1, as a is increased, the flow shifts toward a
lower flow regime. This dependence on h/a appears
to be linked to nonhydrostatic effects. As discussed
above, the wider the half-width, the longer τadv which
implies the convective system has more time to de-
velop over the upstream side of the mountain leading
to stronger upstream cooling that can act to shift the
flow to a lower numbered regime.

4. Concluding remarks

Idealized simulations for an unsaturated, condi-
tionally unstable flow over a two-dimensional moun-
tain ridge were performed to investigate how the un-
saturated moist Froude number (Fw) and the oro-
graphic aspect ratio, which is defined as the ratio
of mountain height to half-width (h/a), affect the
propagation, cloud type and rainfall amount of oro-
graphically induced precipitation systems. This was
tested through a series of idealized simulations using
the Weather Research and Forecast (WRF) model
wherein the basic uniform wind (i.e. Fw) and the
mountain half-width (a) were varied. The simulation
results indicate that for low Fw, the flow is insensi-
tive to h/a and the flow is in an upstream propagating
flow regime. For large Fw, both Fw and h/a dictate
the precipitation pattern and the nature of the con-
vection, with flow shifting more toward a downstream
propagating regime with increasing h/a if Fw is fixed.



This dependence on h/a for larger wind speeds ap-
pears to be linked to nonhydrostatic effects. With a
fixed h/a, the flow shifts more toward a downstream
propagating regime with increasing Fw.

It is also found that the domain integrated rainfall
is sensitive to basic wind speed, in particular for those
weak basic winds when the mountain half-width is
fixed. On the other hand, the domain integrated ac-
cumulated rainfall is not sensitive to the aspect ratio
(or the mountain half-width) when the moist Froude
number (i.e., basic wind speed) is fixed.
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