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1.	 Introduction

It has been well documented that several flow 
parameters, such as the wind speed, temperature 
stratification, convective available potential energy 
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Abstract

Idealized numerical simulations of an unsaturated, conditionally unstable flow over a two-dimensional 
mountain ridge were used to study the effects of the moist Froude number (Fw) and the orographic as-
pect ratio of mountain height to width (h/a) on the propagation, cloud type, and pattern and amount of 
rainfall of orographically induced precipitation systems. For low Fw, the flow belonged to an upstream 
propagating flow regime (i.e., Regime I) and was insensitive to h/a. For large Fw, both Fw and h/a dictated 
the precipitation pattern and the nature of the convection. When Fw was fixed, the flow shifted toward 
a downstream propagating regime as h/a increased. This dependence on h/a at higher wind speeds ap-
pears to be linked to the advection time and cloud growth time. A slightly larger Fw was required for the 
regime transition to occur when the fixed aspect ratio was small. We also found that although the local 
maximum rainfall was not directly controlled by Fw, the total domain rainfall was sensitive to Fw, in par-
ticular for Regimes I and II (i.e., flow with a long-lasting orographic convective system over the mountain 
peak, upslope or lee slope) when the mountain half-width was fixed. On the other hand, for the unstable 
flow studied here, the total domain accumulated rainfall was not sensitive to h/a when Fw was fixed. 

It is suggested that flash floods may occur when quasi-stationary convective precipitation systems stay 
over the mountain area for flow Regime II or when abundant moisture is supplied for a significant period 
of time due to a low-level jet for flow Regimes III and IV, which are defined as flow with an orographic 
convective precipitation system over the mountain and a downstream propagating convective system and 
flow with an orographic stratiform precipitation system over the mountain and possibly a downstream 
propagating cloud system, respectively. In addition, local orographic rainfall from stratiform precipitation 
systems (i.e., Regime IV) can be as heavy as that from convective or mixed type precipitation systems be-
longing to Regime III.
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(CAPE), and the vertical distribution of moisture 
of the incoming airstream, as well as the moun-
tain geometry dictate the nature of orographically 
induced convective systems (Smith 1979). Small 
changes in these control parameters can alter the 
precipitation distribution and the magnitude of 
localized maxima. This makes quantitative precipi-
tation forecasting for orographically enhanced pre-
cipitation systems especially difficult. Therefore, 
an understanding of how changes to these control 
parameters affect orographic precipitation is nec-
essary. 

In their idealized simulations of conditionally 
unstable flow impinging on a two-dimensional, me-
soscale mountain, Chu and Lin (2000) noted that 
the precipitation distribution and propagation of 
orographically induced cloud systems varies with 
moist Froude number (Fw = U/Nwh), where U is 
mean wind, h is the mountain height, and Nw is the 
moist Brunt-Vaisala frequency given by

N g
zw

v

v= ¶
¶θ
θ .  (1)

In Eq. (1), θv  is the virtual potential temperature 
and g is gravity. Based on their simulations, three 
flow regimes were identified. They are: Regime 
I: flow with an upstream propagating convective 
system and density current; Regime II: flow with a 
long-lasting orographic convective system over the 
mountain peak, upslope, or lee slope; and Regime 
III: flow with an orographic convective precipita-
tion system over the mountain and a downstream 
propagating convective system. These same re-
gimes have been reproduced in idealized, three-
dimensional simulations (Jiang 2003; Miglietta and 
Buzzi 2004; Chen and Lin 2005a).

Chen and Lin (2005a) found that when the 
CAPE of the impinging airstream is decreased, the 
flow tends to shift to a higher flow regime. Follow-
ing this line of reasoning, Chen and Lin (2005b; 
denoted as CL05 hereafter) investigated the com-
bined effects of Fw and CAPE, identifying four flow 
regimes in the parameter space of (Fw, CAPE). 
These include Regimes I–III identified by Chu and 
Lin (2000) and an additional regime, Regime IV: 
flow with an orographic stratiform precipitation 
system over the mountain and possibly a down-
stream propagating cloud system. In addition, 
CL05 found that a mixed convective and stratiform 
precipitation system may be produced over the 
mountain peak for Regime III. 

It is well known that the mountain aspect ratio 

(h/a) plays an essential role in dictating rainfall 
patterns along the mountain surface (Smith 1979). 
For broader mountain ranges, the maximum rain-
fall tends to be positioned on the upstream side of 
the mountain (Rauber 1992), while the maximum 
in precipitation tends to be positioned more to-
ward the mountain peak or lee slope for narrow 
mountains (Sinclair et al. 1997). Colle (2004) stud-
ied the relationship between orographic precipita-
tion distribution and environmental conditions and 
terrain geometry for a stable airstream impinging 
on a two-dimensional, idealized mountain. His 
results show that for a relatively weak mean flow, 
maximum precipitation is a function of mountain 
slope. For larger mean wind speeds, a wider and 
higher barrier produces greater precipitation than 
a low, narrow barrier of the same aspect ratio. 
Kirshbaum and Durran (2004) studied the factors 
that control shallow, cellular, warm-rain convection 
over a two-dimensional mountain using idealized 
simulations. They found that the mountain aspect 
ratio is a control parameter for the development 
of cellular convection, noting that if the mountain 
half-width is sufficiently reduced, the advective 
time scale is smaller than the microphysical time 
scale and the precipitation maximum is shifted to 
the lee side of the mountain. However, in Kirsh-
baum and Durran’s study, the upstream impinging 
flow was stable, as in Colle (2004).

In this study, we investigated the combined ef-
fects of the mountain aspect ratio (h/a) and the 
moist Froude number (Fw) on the formation and 
propagation of precipitation systems associated 
with conditionally unstable flow over a two-dimen-
sional, mesoscale mountain by performing a se-
ries of idealized numerical experiments using the 
Weather Research and Forecasting (WRF) model. 
The model characteristics and experiment design 
will be described in Section 2. The results will be 
discussed in Section 3, and concluding remarks 
are made in Section 4.

2.	 Model	description	and	experiment	de-
sign

The Advanced Research WRF model (ARW) ver-
sion 2.0 (Skamarock et al. 2005; Michalates et al. 
2001), which is a compressible, three-dimensional, 
nonhydrostatic model using terrain following co-
ordinates, was used for all simulations presented 
herein. The governing equations for ARW are 
written in flux-form and mass and dry entropy are 
conserved. In this study, the Runge-Kutta third-
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order time scheme was employed and fifth and 
third order advection schemes were chosen for 
the horizontal and vertical directions, respectively. 
An open (radiative) lateral boundary condition was 
used in the north-south direction, a free-slip condi-
tion was used for the lower boundary condition, 
and a periodic boundary condition was used in the 
east-west direction. A 5 km deep sponge layer was 
added to the upper part of the physical domain 
to reduce artificial wave reflection. There were 
1000 grid points in the east-west direction with 
grid spacing of 1 km. In the vertical direction, the 
grids were stretched with a total of 51 levels from 
1000 hPa at the surface to the model top (about 20 
km). The Purdue-Lin microphysics parameteriza-
tion scheme (Chen and Sun 2002) and turbulent 
kinetic energy diffusion scheme were activated in 
all simulations.

The idealized, two-dimensional mountain geom-
etry is given by 

h x h
x x as

o

( )
[( )/ ]

,=
+ -1 2  (2)

Where hs(x), h, a, and xo are the terrain height, the 
mountain peak height (2 km), the mountain half-
width, and the location of the center of the moun-
tain, respectively. The mountain was introduced 
impulsively into the basic flow at the initial time of 
the simulation. All simulations were integrated for 
10 h with a time step of 1 s. 

The initial conditions were horizontally ho-
mogeneous, as given by the Schlesinger (1978) 
sounding (Fig. 1). This sounding has a CAPE of 
3000 J kg–1 and an unsaturated moist Brunt-Vaisala 
frequency (Nw) of 0.0095 s–1. Note that Nw was es-
timated from the surface to approximately 3 km. 
The sounding used in this study is relatively more 
unstable than is typical. This sounding was chosen 
in order to have a base case with a CAPE compa-
rable to the sounding used in Chu and Lin (2000) 
and Chen and Lin (2005a, 2005b) so that the re-
sulting dynamics and flow fields can be compared 
with these studies more directly. 

In order to study the effects of the moist Froude 
number (Fw) and the aspect ratio (h/a) on the for-
mation and propagation of orographically induced 
convective systems, a two-dimensional matrix of 
experiments was devised (Table 1). Fw was varied 
by changing the basic state wind speed (U). The 
values of U that were used are 2.5, 5, 7.5, 10, 15, 
20 and 30 m s–1, which correspond to Fw of 0.131 
(F1 in Table 1), 0.262 (F2), 0.393 (F3), 0.524 (F4), 

0.786 (F5), 1.048 (F6), and 1.572 (F7), respectively. 
In the second dimension of experiments, h/a was 
varied by setting a to be 7.5, 15, 22.5, 30, and 45 
km, which are named A1 to A5 in Table 1. The 
experiments were combinations between F1-7 and 
A1-5 (Table 1). In all experiments, h was 2 km.

3.		 Results	and	Discussion

Figure 2 shows the time evolution of the verti-
cal velocity at 3.6 km height and accumulated 
rainfall at the surface for four cases with h/a held 
constant at 2/7.5 (h = 2 km, a = 7.5 km) and Fw 
= 0.262, 0.524, 0.785, and 1.572. The variation of 
resulted from varying U = 5, 10, 15, and 30 m s–1. 
The corresponding vertical cross-sections of the 
vertical velocity and potential temperature after 
7-h simulation are shown in Fig. 3. For the case 
of Fw = 0.262 (U = 5 m s–1) (Figs. 2a and 3a), the 
convective system generated by the orographic 
lifting propagated upstream and can thus be iden-
tified as Regime I as defined in CL05. As the Fw 
increased to 0.524 (U = 10 m s–1) (Figs. 2b and 
3b), the upstream propagating convective system 

Fig. 1. The sounding used for the initial 
conditions of numerical experiments. 
The sounding is identical to that of 
Schlesinger (1978) and has a CAPE 
about 3000 J kg–1.
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became quasi-stationary and situated over the 
mountain peak. Thus, this flow can be classified as 
Regime II. The downstream propagating convec-
tive system shown in the time evolution figure (Fig. 
2) was caused by the startup process of numerical 
integration. Increasing Fw further to 0.785 (U = 15 
m s–1) (Figs. 2c and 3c) resulted in an orographic 
convective or mixed convective and stratiform pre-
cipitation system over the mountain and a down-
stream propagating convective system. This flow 
belongs to Regime III. Note that besides having a 
stronger maximum vertical velocity, a convective 
cloud develops in a cellular type and its depth var-
ies significantly. In contrast, the depth of a strati-
form cloud does not change much and belongs to 
a stationary type as long as the forcing exists. For 
a very large moist Froude number (Fw = 1.572; 
corresponding to U = 30 m s–1) (Figs. 2d and 3d), 
a stratiform precipitation system was located over 
the mountain peak (Fig. 3d) and there was a down-
stream propagating convective system which was 
advected faster than those in the smaller Fw cases. 
This large Fw flow is classified as Regime IV. 

The results described above show that flow 
transits to higher number regimes as Fw (i.e., U) 
increases. This is consistent with previous findings 
by Chu and Lin (2000) and CL05. The experiments 
mentioned above also serve as a way to verify the 

model results. Similar results were also found 
when varying Fw with a fixed at 15, 22.5, 30, and 
45 km, but the critical Fw for flow regime transition 
became a function of h/a. In other words, a slight-
ly larger Fw was required for the regime transition 
to occur when the aspect ratio (mountain half-
width) became smaller (larger) (i.e., column A1 
vs. column A5 in Table 1). For example, flow tran-
sition from Regime I to II occurred between U = 
10 and 15 m s–1 for a = 22.5, 30, and 45 km, while 
it occurred between U = 7.5 and 10 m s–1 for a = 
7.5 km. These results are summarized in Table 1. 
The requirement for stronger winds to transition 
to a higher number flow regime as a increases 
can be understood by comparing the advective 
time scale (τadv ~ a/U) and the cloud development 
time scale (τcloud ~ 1000 s). As a increases (i.e., h/a 
decreases), τadv also increases. This implies that 
convective systems have a longer residence time 
to develop on the upslope of the mountain. In con-
sequence, a stronger cold pool can be produced to 
act against the basic-state flow. This further acts to 
propel the flow to a lower number regime. There-
fore, a larger Fw is required in order to shift the 
flow toward a higher number regime.

Table 1. The classification of flow regimes with respect to the unsaturated moist Froude number (Fw) and the as-
pect ratio (h/a). The basic wind speed (U) and the mountain half-width (a) corresponding to each case are identi-
fied in the parentheses. 

A1 (h/a = 2/7.5)
(a = 7.5 km)

A2 (1/15)
(15 km)

A3 (2/22.5)
(22.5 km)

A4 (2/30)
(30 km)

A5 (2/45)
(45 km)

F1 (Fw = 0.131) 
(U = 2.5 m/s) I I I I I

F2 (.262) 
(5 m/s) I I I I I

F3 (0.393)
(7.5 m/s) I I I I I

F4 (0.524)
(10 m/s) II I I I I

F5 (0.786)
(15 m/s) III III II II II

F6 (1.048)
(20 m/s) III III III III III

F7 (1.572)
(30 m/s) IV III III III III
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3.1 Dependence of rainfall pattern on moist        
Froude number

Figure 4a shows the spatial distribution of total 
accumulated rainfall after 10-h simulations for 
U = 7.5, 10, 15, 20, and 30 m s–1 and a fixed a = 
7.5 km (h/a = 2/7.5). The corresponding moist 
Froude numbers are 0.393, 0.524, 0.786, 1.048, and 
1.572. The rainfall distribution varied significantly 

for different moist Froude numbers (basic wind 
speeds). With a weaker wind, the rainfall spread 
farther upstream due to the stronger density cur-
rent pushing against the weaker basic wind (Fig. 
3a). This is consistent with the time evolution 
of the accumulated rainfall (Fig. 2); the rainfall 
spread farther upstream for the flow regime with 
upstream propagating convective systems (Regime 

Fig. 2. Time evolution of the vertical velocity at 3.6 km height (dashed contour lines for –2 m s–1 and 
solid contour lines for 2 m s–1) and accumulated rainfall (shaded; mm) for U = (a) 5 m s–1, (b) 10 m s–1, 
(c) 15 m s–1, and (d) 30 m s–1. The mountain half-width is 7.5 km and the mountain height is 2 km (h/a 
= 2/7.5). The corresponding Fw are 0.262, 0.524, 0.786, and 1.572, respectively. Dotted lines indicate 
elevation (200 m, 1000 m, and 1800 m), where the mountain peak is at x = 0 km.
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I; U = 7.5 m s–1). For the flow regime with station-
ary convective systems over the mountain (Regime 
II; U = 10 m s–1), the rainfall was concentrated 
around the mountain peak and there was more ac-
cumulated rainfall than for Regime III (U = 15 and 
20 m s–1). The rainfall region over the lee side of 
the mountain extended farther downstream when 
U increased due to stronger advection for regimes 

III (U = 15 and 20 m s–1) and IV (U = 30 m s–1).
For the A1F4 case (a = 7.5 km and U = 10 m s–1; 

thin-dotted line in Fig. 4a), which is classified as 
Regime II, extremely heavy local accumulated 
rainfall (> 200 mm after 10-h simulation) occurred 
near the top of the lee-side mountain due to long 
quasi-stationary convective precipitation systems 
over the region. This heavy precipitation zone over 

Fig. 3. Vertical cross-section of the vertical velocity (in m s–1; shaded) and potential temperature (solid 
lines with a contour interval of 7 K) for U = (a) 5 m s–1, (b) 10 m s–1, (c) 15 m s–1, and (d) 30 m s–1 after 
7-h simulation. The mountain half-width is 7.5 km and the mountain height is 2 km (h/a = 2/7.5). The 
corresponding Fw are 0.262, 0.524, 0.786, and 1.572, respectively.
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the mountain had a wider distribution than those 
from other cases with the same half-width (i.e., a 
= 7.5 km) which is due to the convective systems 
spreading to a larger area and oscillate around 
the mountain. Surprisingly, the maximum local 
accumulated rainfall in the vicinity of the moun-
tain peak for the Regime IV (U = 30 m s–1; A1F7) 
case was even larger than that for A1F4. For this 
case, the orographic clouds could not develop 
into convective clouds due to strong advection by 
the basic wind (i.e., small τadv). Although the pre-
cipitation cloud systems over the mountain peak 
for the A1F7 case were stratiform, they were still 

able to produce heavier rainfall in a very narrow 
zone (Fig. 4a) because: 1) moisture supply (~ qU) 
was abundant due to strong basic wind (U = 30 
m s–1); 2) unlike cases A1F5 and A1F6, there were 
no convective systems developed far downstream 
from the mountain peak, resulting in more mois-
ture supply in the vicinity of the mountain peak; 
and 3) the stratiform precipitation systems stayed 
at approximately the same location for a long time 
period. 

The domain integrated accumulated rainfall 
amounts with respect to different moist Froude 
numbers (i.e., U) at two hour intervals are plotted 
in Fig. 5a for a fixed h/a (a = 7.5 km, h = 2 km). 
For an unstable flow, although the local maximum 
rainfall was not directly correlated to mean wind 
(Fig. 4a), the domain integrated rainfall amount 
increased as the basic wind speed strengthened, 
except for the case of U = 30 m s–1 (Fw = 1.572). 
The strongest response of rainfall to increasing 
basic wind speed was seen in flow Regimes I and 
II. For cases of U £ 20 m s–1 (Fw £ 1.048), the dy-
namics can be explained as follows. CL05 demon-
strated that when Convective Available Potential 
Energy (CAPE) increases, flow transits to a lower 
number flow regime. When the mountain width 
(a) is fixed, an environment with a larger CAPE is 
equivalent to one with both a smaller CAPE and a 
smaller Fw (or a weaker basic wind). This implies 
that when crossing a mountain, large CAPE flows 
require a longer advection time than flows with 
the same basic wind but a smaller CAPE. It is true 
that a 7.5 km mountain half-width is not large, 
however, since the CAPE of the environment flow 
in this study is large (3000 J kg–1), the convective 
system can develop over the mountain region with 
a reasonably sized mountain half-width (or with a 
smaller Fw). In this situation, water vapor supply 
can dominate the rainfall amount. When the basic 
wind gets stronger, a greater amount of moisture 
is transported into the convective region (i.e., 
qU, where q is the water vapor mixing ratio), and 
precipitation can be produced more efficiently 
through microphysical processes. This will not 
hold true for cases where the basic wind speed is 
too strong and the mountain half-width is too nar-
row (e.g., a = 7.5 km and U = 30 m s–1 in Fig. 5a; 
Regime IV). Under these conditions, instead of a 
deep convective cloud system a stratiform cloud 
system develops in the vicinity of the mountain 
ridge (i.e., τadv < τcloud ) and the system quickly 
propagates downstream. The downstream-propa-

Fig. 4. Spatial distribution of total accumu-
lated rainfall (mm) after 10-h simulations 
for U = 7.5, 10, 15, 20, and 30 m s–1. The 
corresponding Fw are 0.393, 0.524, 0.786, 
1.048, and 1.572, respectively. The moun-
tain half-width is (a) 7.5 km and (b) 22.5 
km. The mountain height is 2 km.
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gating system may develop into a convective one if 
environmental conditions are favorable; however, 
the convective system is relatively weak for the 
present case (Fig. 3d). Compared with A1F5 and 
A1F6, although the basic wind is stronger (i.e., 
larger moisture flux) and the maximum local ac-
cumulated rainfall is higher from A1F7 (Fig. 4a), 
the weak downstream-propagating convective sys-
tem cannot efficiently produce rainfall. Therefore, 
the domain integrated rainfall amount is less than 
those from A1F5 and A1F6. 

To further prove this concept, the spatial distri-
butions of total accumulated rainfall after 10-h sim-

ulations for U = 7.5, 10, 15, 20, and 30 m s–1 for a 
wider mountain, a = 22.5 km (h/a = 2/22.5), were 
examined (Fig. 4b). Due to regime transition (to 
be explained in Section 3.2), the rainfall from A3F3 
and A3F4 (U = 7.5 and 10 m s–1; Regime I) spread 
farther upstream compared with that from A1F3 
and A1F4 (a = 7.5 km), respectively, (Fig. 4a) and 
the maximum rainfall over the mountain peak was 
reduced. Again, the Regime II case (U = 15 m s–1; 
A3F5) had its maximum rainfall over the mountain 
peak due to a quasi-stationary convective precipi-
tation system. For A3F7 (a = 22.5 km and U = 30 
m s–1), which is classified as Regime III, heavy 

Fig. 5. Accumulated total rainfall (mm) after 2-, 4-, 6-, 8-, and 10-h integration for U = 2.5, 5, 7.5, 10, 15, 
20, and 30 m s–1. The mountain half-width is (a) 7.5 km and (b) 22.5 km. The mountain height is 2 km.
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local accumulated rainfall occurred over the moun-
tain peak due to abundant moisture supply by the 
strong mean flow, but with a more widely spread 
area than that from A1F7 (Regime IV) whose half-
width was smaller. Note that the precipitation sys-
tems over the mountain area for A3F7 were mixed 
types (i.e., interchanging convective and stratiform 
clouds). Figure 5b shows the domain integrated 
accumulated rainfall after 2-, 4-, 6-, 8-, and 10-h in-
tegration for U = 2.5, 5, 7.5, 10, 15, 20, and 30 m s–1. 
The mountain half-width is 22.5 km and the moun-
tain height is 2 km (h/a=2/22.5). The correspond-
ing moist Froude numbers were 0.131, 0.262, 0.393, 
0.524, 0.786, 1.048, and 1.572, respectively. The 
result is similar to that shown for the narrower 
mountain (a = 7.5 km) cases (Fig. 5a), except that 
the total rainfall amount increased as the flow tran-
sited to higher number regimes, which was again 
clearest with the lower number flow regimes of I 
and II. 

3.2  Dependence of flow regimes and rainfall pat-
tern on aspect ratio

Figure 6 shows the vertical cross sections of the 
vertical velocity, potential temperature, and cloud 
fields with a = 7.5 km, 22.5 km, and 45 km when 
a fixed basic wind speed of 7.5 m s–1 (Fw = 0.393) 
is used (i.e., cases A1F3, A3F3, and A5F3 as listed 
in Table 1). Note that cellular convective clouds 
occurred in all of these cases and propagated up-
stream. All of these flows are classified as Regime 
I (see Table 1), based on CL05’s regime defini-
tions. When the mountain half-width (aspect ratio) 
gets larger (smaller), which induces a larger lifting 
area, the convective system spread more widely 
over the upslope, and the leading convective cell 
was located farther upstream (Fig. 6). This ex-
plains why the convective system can propagate 
further upstream and the rainfall can thus spread 
further upstream (Fig. 7a) when the mountain 
half-width gets larger. The regime diagram (Table 
1) indicates that for low Fw, the flow was insensi-
tive to h/a and was in an upstream propagating 
flow regime (i.e., Regime I). 

Figure 7b shows the domain integrated rainfall 
after 2-, 4-, 6-, 8-, and 10-h integration for a = 7.5, 
15, 22.5, 30, and 45 km when U = 7.5 m s–1 (Fw 

= 0.393) is fixed. One noticeable feature of this 
figure is that the accumulated total rainfall for all 
these cases is about the same, even at different 
times. In other words, for a conditionally unstable 
flow the total rainfall amount is insensitive to the 

aspect ratio. In fact, after inspecting other cases 
(not shown) with smaller fixed moist Froude 
numbers (e.g., Fw < 0.524 or U < 10 m s–1), we 
found that the flow is in an upstream propagating 
regime (Table 1) and the accumulated total rainfall 
amount is independent of the aspect ratio (Fig. 
7b); but, the rainfall spreads farther upstream for 
mountains with smaller aspect ratio (wider moun-
tains) (Fig. 7a). This is because the convective sys-
tem has enough time to develop over the mountain 
region (i.e., τadv > τcloud), and the advection is too 
weak to counteract the mountain blocking effect 
and the cold pool. Nevertheless, the location of the 
convective system and the distribution of the pre-
cipitation can be very different from case to case. 

Figures 8a, 8c, and 8e show the vertical veloc-
ity and potential temperature after 5-h simulation 
for mountain half-widths of 7.5, 22.5, and 45 km 
when U = 30 m s–1 (Fw = 1.572) is held constant. 
The corresponding total hydrometeor contents for 
Figs. 8a, 8c, and 8e are shown in Figs. 8b, 8d, and 
8f, respectively. As indicated in Table 1, all cases 
belong to Regime III except that with a = 7.5 km, 
which belongs to Regime IV. As discussed earlier 
(Figs. 3–4), for the case with very strong basic 
wind and very narrow mountain, such as when a = 
7.5 km and U = 30 m s–1, instead of a deep convec-
tive cloud a stratiform cloud (Fig. 8b) developed 
near the mountain peak when flow crossed the 
mountain (i.e., τadv < τcloud ) and quickly propagated 
downstream. With wider mountains (a = 22.5 and 
45 km, Figs. 8c–f), convective clouds were able 
to develop to a height of about 7 km and several 
convective clouds were present in the vicinity of 
the mountain peak. This provides additional evi-
dence validating the argument that the dominance 
of flow regimes, rainfall patterns, and accumulated 
total rainfall amounts depends on the relative mag-
nitudes of timescales between cloud advection and 
development. 

It appears that for large Fw, both Fw and h/a dic-
tate the precipitation pattern and the nature of the 
convection. The flow shifts toward a downstream 
propagating regime with the increase of h/a if Fw 
is fixed (Table 1). This dependence on h/a for 
larger wind speeds appears to be linked to the 
competition between advection time and cloud de-
velopment time. In other words, when flow crosses 
a mountain range, the advection time becomes 
smaller when h/a becomes larger. 

The spatial distributions of total accumulated 
rainfall after 10-h simulations for a = 7.5, 15, 22.5, 
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30, and 45 km and U = 30 m s–1 (Fw = 1.572) are 
shown in Fig. 9a. Due to strong advection by the 
basic wind, downstream convective systems were 
unable to develop to intensive ones and little rain-
fall was produced downstream of the mountain. In 
addition, the downstream rainfall was spread over 
a wider region due to strong advection. Therefore, 
the maximum rainfall areas in these cases were 

focused in the vicinity of the mountain. Figure 9b 
shows the domain integrated accumulated total 
rainfall after 2-, 4-, 6-, 8-, and 10-h integration. The 
integrated total rainfall amount was almost inde-
pendent of the aspect ratio after 4-h simulation ex-
cept that it was smaller for the case of a = 7.5 km. 

Fig. 6. The vertical velocity (shaded; m s–1) and potential temperature (contour; K) for a = (a) 7.5 km, (c) 
22.5 km, and (e) 45 km when U = 7.5 m s = at 5-h simulation. The basic wind speed is 7.5 m s–1 and h 
= 2 km. (b), (d), and (f) are the same as (a), (c), and (e), respectively, except for the cloud fields that 
include all hydrometeors, (g kg–1). Note that the range of the x-axis differs for (a) and (b).
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3.3 Heavy Local Orographic Rainfall and Flow  
Regime 

We found that heavy local accumulated rainfall 
(rainfall greater than 200 mm), i.e., a potential for 
flash flood, over mountainous regions can hap-
pen when abundant moisture is supplied for a 
significant period of time for Regime III (A2-5F7 
in Fig. 9a) and even for Regime IV (A1F7 in Fig. 
9a), which has a stratiform instead of a convective 
cloud system over the ridge. The abundant mois-
ture supply can result from strong low-level winds 
(i.e., a low-level jet) with reasonable moisture 

content in the atmosphere. It is worth mentioning 
again that the maximum local accumulated rainfall 
from a stratiform precipitation system in the vicin-
ity of the mountain (i.e., A1F7, thin-dashed line in 
Fig. 9a; Regime IV) can be as heavy as that from 
convective or mixed type systems (i.e., A2F7-A5F7, 
other lines in Fig. 9a; Regime III). Another source 
of heavy orographic rainfall (flash flood) is quasi-
stationary convective precipitation clouds that stay 
over the mountain region for a long period of time 
(e.g., Regime II) as in A1F4 (thin-dotted line in 
Fig. 4a). This is also demonstrated by other cases 

Fig. 7. (a) Spatial distribution of total accumulated rainfall (mm) after 10-h simulations and (b) accumu-
lated total rainfall (mm) after 2-, 4-, 6-, 8-, and 10-h integration for a = 7.5, 15, 22.5, 30 and 45 km when 
U =7.5 m s–1 (Fw = 0.393) and h = 2 km.
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whose flows belong to Regime II, as shown in Fig. 
10 (i.e., A3-5F5). 

4.	 Conclusions

Idealized simulations for an unsaturated, con-
ditionally unstable flow over a two-dimensional 
mountain ridge were performed to investigate how 
the unsaturated moist Froude number (Fw) and 
the mountain height-to-width aspect ratio affect 
the propagation, the cloud type and the pattern 
and amount of rainfall of orographically induced 
precipitation systems. This was tested through a 

series of idealized simulations using the Advanced 
Research Weather Research and Forecast (WRF) 
model (ARW). The Fw and h/a were varied by 
changing the basic wind speed and the mountain 
half-width, respectively. In all simulations, the 
mountain height and thermodynamic sounding 
were fixed at h = 2 km and CAPE = 3000 J kg–1. 

Numerical experiments with the aspect ratio (or 
a) fixed and Fw (or U) varying demonstrated that 
flow shifts to a higher number regime as Fw (or U) 
increases. These results are consistent with the 
findings of Chu and Lin (2000) and Chen and Lin 

Fig. 8. The vertical velocity (shaded; m s–1) and potential temperature (contour; K) for a = (a) 7.5 km, 
(c) 22.5 km, and (e) 45 km when U = 30 m s–1 (Fw = 1.572) at 5-h simulation. The mountain height is 
2 km. The total hydrometeor contents (in g kg–1) for (a), (c), and (e) are shown in (b), (d), and (f), re-
spectively.
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(2005b). It was found that a slightly larger Fw is 
required for the regime transition to occur when 
the aspect ratio (mountain half-width) becomes 
smaller (larger). With a strong basic flow speed, 
such as U = 30 m s–1, we also reproduced flow with 
an orographic stratiform precipitation system over 
the mountain and possibly a downstream propa-
gating cloud system (i.e., Regime IV), as found in 
Chen and Lin (2005b). 

On the basis of the flow regime definitions in 
Chen and Lin (2005b), we identified the flow re-
gimes on the parameter space (h/a, Fw), which are 
shown in Table 1 and Fig. 11. Note that an addi-
tional set of experiments, which has a = 10 km (i.e., 

h/a = 0.2) and the same set of Fw, was performed 
and added into Fig. 11 to cover a more complete 
spectrum of the regime diagram. The regime dia-
gram indicates that for low Fw, the flow belongs to 
an upstream propagating regime (i.e., Regime I) 
and is insensitive to h/a. For large Fw, both Fw and 
h/a dictate the precipitation pattern and the nature 
of the convection. When Fw is fixed, the flow shifts 
toward a downstream propagating regime with 
increasing h/a. This dependence on h/a for larger 
wind speeds appears to be linked to τadv and τcloud . 
It was also found that for the conditionally unsta-
ble flow studied here, although the local maximum 
rainfall is not directly correlated to Fw, the domain 

Fig. 9. (a) Spatial distribution of total accumulated rainfall (mm) after 10-h simulations and (b) accumu-
lated total rainfall (mm) after 2-, 4-, 6-, 8-, and 10-h integration for a = 7.5, 15, 22.5, 30, and 45 km when 
U = 30 m s–1 (Fw = 1.572). The mountain height is 2 km.
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integrated rainfall is sensitive to basic wind speed, 
in particular for those low number flow regimes 
(i.e., weak basic winds) when h/a is fixed. On the 
other hand, the domain integrated accumulated 
rainfall is not sensitive to h/a when Fw is fixed. 
A sounding with a large CAPE was used in this 
study. However, it is expected that when the CAPE 
of the sounding becomes smaller (i.e., with other 
parameters, such as Fw and a, fixed), the flow can 
be shifted to a larger flow regime, as discussed in 
Chen and Lin (2005b).

In the relationship between rainfall patterns 
and flow regimes, it was found that flash floods 
may occur over mountain areas when 1) quasi-
stationary convective precipitation systems stay 
over the mountain region for a significant period 
of time (i.e., Regime II); or 2) abundant moisture 
is supplied into the precipitation systems over the 
mountain region for a significant period of time 
for flow Regimes III and IV. It was also found that 
local orographic rainfall from stratiform precipita-
tion systems which belong to Regime IV can be 
as heavy as that from convective or mixed type 
precipitation systems which belong to Regime III. 
It is important to keep in mind that flash floods 
can also happen in the foothills of the mountains, 
where the direct rainfall is low but surface water 
runoff is large.
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