Harold D. Orville Symposium 26 April 2003, Rapid City, South Dakota (p.68-89)
The Dynamics of Orographic Precipitation
Yuh-Lang Lin
Department of Marine, Earth and Atmospheric Sciences
North Carolina State University, Raleigh, North Carolina

1. Introduction
The control of precipitation distribution by the mountains
is striking and well documented. Mountains may induce
precipitation directly through orographic lifting and sensible
heating, or indirectly through orographically induced local
circulations and the release of instabilities. When a weather
system, such as a trough, cyclone or front, approaches a
mountain, the circulation and convective system associated
with the weather system may be modified significantly by the
mountain and trigger heavy precipitation in the vicinity of the
mountain. Occasionally, these heavy orographic precipitation
systems may induce flash flooding and produce significant loss
of life and substantial disruption of the local economy. Due to
complicated dynamical and microphysical processes and their
interaction, quantitative forecasting of orographic precipitation
remains a challenging problem for meteorologists (Smith et al.
1997). In order to improve the prediction of orographic
precipitation, in addition to the improvement of observational
techniques and data analysis of the precipitation system, we
need to improve our understanding of the underlying dynamics
and representations of the moist processes associated with
orographic precipitating systems in numerical models.
An orographic precipitating system may form in various
ways, depending upon the ambient flow speed, vertical stability
and wind structures, mountain height, horizontal scale and
geometry, synoptic and mesoscale environments, etc. Over
large mountains, the places with highest rainfall are located on
the windward slope of a prevailing wind, while for small hills
they are located on the hilltops. One revealing example of the
rainfall contrast between the upslope and lee slope is the annual
precipitation over the Andes in South America, in which the
rainfall maximum is located on the eastern slope in northern
Andes (to the north of 30o S ) and on the western slope in
southern Andes (Fig. 1.1). Apparently, the mechanisms of
orographic precipitation for small hills and for large mountains
are quite different. Figure 1.2 shows an example of the
orographic precipitation produced by the seeder-feeder
mechanism over the hills of South Wales (Browning et al.
1974). Based on the formation mechanisms of orographic rain
proposed by Smith (1979) and Chu and Lin (2000), the
orographic precipitating system may be classified as following
types: (I) stable ascent over upslope of a large mountain, (II)
convective precipitating system triggered by the release of
instabilities, and (III) orographic rain over small hills by
seeder-feeder mechanism (Bergeron 1968; Browning 1980).
These mechanisms are sketched in Fig. 1.3 and will be
reviewed in Sec. 2.
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A convective precipitating system of type II mentioned
previously may be formed in various ways. Normally, this type
of convective precipitating system is associated with a
conditionally or convectively unstable atmosphere (e.g. see
review in Smith 1979), while occasionally it is associated with
the symmetric instability which is responsible for the slantwise
convection in an area of strong vertical shear (e.g. Buzzi and
Alberoni 1992). During the day, the mountain serves as an
elevated heat source due to the sensible heat released by the
mountain surface. In a quiescent atmosphere, this may induce
mountain upslope winds, which in turn may initiate cumuli or
thunderstorms over the mountain peak and produce orographic
precipitation (Fig. 1.4a). Orville (1964) numerically simulated
the upslope wind induced by both orographic lifting and
thermal forcing. If there exists an ambient wind, the cumulus
could be advected to lee side of the mountain and produce
precipitation there. This type (type II) of orographic cumuli or
thunderstorms may also be induced by direct orographic lifting
(Fig. 1.4b). Braham and Dragnis (1960) performed a field
experiment to measure these two types of orographic cumuli in
Arizona, which were attributed to orographic barrier and
elevated heat source effects (Orville 1964). When the
orographic blocking is strong, the upslope convective system
may propagate upstream as forced by the orographic blocking
and density current against the basic flow. On the other hand,
when the orographic blocking is weak, the upslope convective
system may propagate further downstream, passing over the
mountain peak to the lee side. In other words, the convective
system associated with type II may be located upstream, over
the slopes, or downstream of the mountain. If the mountain is
isolated and blocking is strong, the impinging moist airstream
tends to be split by orographic blocking and go around, instead
over, the mountain and converges on the lee side where it can
trigger orographic convection (Fig. 1.4c). In summary, the
orographic convective precipitating system may be formed by
three different ways: (a) thermally initiated convection, (b)
orographically lifted convection, and (c) lee-side enhancement
of convection (Fig. 1.4; Banta 1990).
In addition to the different formation mechanisms
mentioned above, the formation of heavy orographic rainfall is
also strongly influenced by synoptic and mesoscale
environments. By examining heavy orographic rainfall events
in the US, several authors (e.g., Maddox et al. 1978; Pontrelli et
al. 1999; Petersen et al. 1999; see Lin et al. 2001 for other
references) have found some common synoptic and mesoscale
environmental features. In the last decade, several flash flood
events, which resulted from heavy orographic rainfall, have
occurred on the southern slopes of the Alps. Many of these
floods resulted in significant loss of life and substantial
disruption of the local economy. In order to improve
quantitative precipitation forecasts associated with this type of
heavy orographic rain, a field experiment, the Mesoscale
Alpine Program (MAP), held in fall 1999, was proposed by the
international meteorological community to investigate the

problem (Binder and Schar 1996; Bougeault et al. 2001). We
will briefly review these features, along with those found in the
US mountains, in Section 3, and then use them to examine and
determine whether or not they exist in the heavy orographic
rainfall events, which have been observed in other regions,
such as Japan, Taiwan, New Zealand, China, and India.
It has been observed that the orographic precipitating
system may propagate upstream, remain quasi-stationary over
the upslope, or propagate over the downslope. For example,
the mountain-induced precipitation systems developed
continuously on the western slope of the mountains in
northwestern Taiwan in the afternoon of 7 June 1987 during
TAMEX IOP-8 (Chen et al. 1991) propagated downstream at
later times. On the other hand, the convective systems
produced over the mountain ridge in northern Taiwan may
propagate against the incoming flow toward the Taipei valley
(e.g. Lin et al. 2001). The upstream propagating convective
system is able to trigger heavy precipitation on the plain area
upstream of the mountain (Grossman and Durran 1984;
Smolarkiewicz et al. 1988). By defining a moist Froude
number, Chu and Lin (2000) identified three moist flow
regimes for two-dimensional conditionally unstable flow over a
mountain ridge. Recently, Chen and Lin (2003) extended Chu
and Lin's work to three-dimensional conditionally unstable
flow over an isolated mountain. These studies will be reviewed
in Section 4. In addition, the commonly observed synoptic and
mesoscale environments conducive to the occurrence of heavy
orographic precipitation require some explanation.
An
ingredient-based argument has recently been proposed (Lin et
al. 2001) to help understand the dynamics and will also be
reviewed in Section 4. A summary and discussion of future
research is given in Section 5.

In the meantime, there has been considerable progress
made in the detailed observation of heavy orographic rain,
especially in the following two types: (a) orographic rain over
small hills (e.g. Figs. 1.2 and 1.3c) and (b) convective
orographic precipitation over higher mountains (e.g. Fig. 1.3b).
Over small hills, Bergeron (1949; 1968; 1973) found a
remarkably strong dependence of rainfall with height for stratus
rain, although topography does not seem to have much effect
on convective showers. However, the stable ascent mechanism
could not explain the heavy orographic rainfall observed over
such small hills. Bergeron (1968) proposed a conceptual model
of seeder-feeder mechanism to explain this phenomenon. He
proposed that the small raindrops in the low-level (feeder)
clouds formed by orographic lifting over small hills could be
washed out by raindrops from the midlevel (seeder) clouds,
which could significantly enhance the rainfall over the small
hills. This mechanism has been applied to explain the rainfall
over the Welsh Hills (Browning et al. 1974; Hill and Browning
1979; Browning 1980), in which the seeder clouds were
associated with potentially unstable air during the passage of a
wintertime warm sector. Factors important to the orographic
enhancement of precipitation are (Browning 1979; see Cotton
and Anthes 1989 for a review): (1) relative humidity and θ e or

θ w of low-level air, (2) slope of the hill perpendicular to the
wind direction, (3) strength of the wind component normal to
the mountain, (4) depth of the feeder cloud, (5) precipitation
rate from the feeder cloud, (6) rate of production of condensate
in the feeder cloud, (7) cloud water content, and (8) rate of
accretion or washout by the precipitation emanating from the
seeder cloud. It is noteworthy to mention that strong low-level
wind has significant impacts on the location of maximum
rainfall associated with the seeder-feeder mechanism over
small hills. Carruthers and Choularton (1983) identified two
factors of importance to wind drift of precipitation: (a) the
horizontal drift of a raindrop of radius r falling at a speed Vr

2. Observational, Theoretical and Numerical Studies of
Orographic Precipitation
2.1 Stable Ascent Mechanism versus Seeder-Feeder
Mechanism
The earliest and simplest theory of orographic rain, which
assumes a stable ascent of moist air forced to rise following the
topography, was put forward in the 19th century as one of the
first applications of modern thermodynamics to the atmosphere
(Smith 1979). Examples can be seen in the textbook published
by Tyndall (1872) and applied to the rainfall discussions of
more complex rain systems in moving frontal cyclones by
Bjerknes (1920). Bonacina (1945) challenged this type of
smooth orographic ascent mechanism in a meeting of the Royal
Meteorological Society. He pointed out that orographic rain
does not occur every time a moisture-laden wind approaches a
mountain slope. In other words, heavy orographic rain seems
to require a combination of orography and some sort of
meteorological preconditioning associated with an existing
weather disturbance.
Bonacina further suggested that the
preconditioning appears to be related to the near instability in
the column of air approaching the mountain. Douglas and
Glasspoole (1947) showed that the only special condition
needed to account for orographic rain in Wales and Scotland
was a deep layer of nearly saturated air, thus promoting the
smooth and stable ascent mechanism. In the next twenty years
or so, many of the mathematical models constructed for
orographic rain or to estimate the efficiency of the precipitating
process have followed this type of stable ascent concept,
instead of adopting the idea of unstable convection.

through a cloud of depth hc by a wind of speed U ,

Ladv ≈ Uhc / V r , and (b) the scale of horizontal variation of
liquid-water content ( qc ), Lc ≈ qc /( dqc / dx ) ≈ L , where L is
the half-width of the hill. If Lc ≤ Ladv , such as over a narrow
hill, wind drift will decrease the magnitude of maximum
orographic enhancement because some of the seeder drops
entering the feeder cloud summit would fall downwind in the
region where both the feeder cloud droplets and seeder drops
will evaporate.
The seeder-feeder mechanism has been studied and used
to explain some heavy orographic rainfall events observed in
other parts of the world (e.g. see Hobbs et al. 1973; Carruthers
and Choularton 1983; Choularton and Perry 1986). However,
in addition to the seeder-feeder mechanism, the rainfall might
be associated with orographic convective systems (Smith
1979), which are induced by potential instability through local
orographic lifting, such as the case shown in Fig. 1.2
(Browning et al. 1974).
2.2 Observations of Convective Orographic Precipitation
The growth of convective clouds over higher mountains
has also received considerable attention. For example, Braham
and Dragnis (1960), Silverman (1960), and Orville (1965a)
among others have recorded observations on the formation of
convective airstreams over mountains. While instrumented
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airplanes have been used to make measurements of orographic
cumuli as early as 1956 (Braham and Draginis 1960), it is
interesting to note that one of the earliest techniques applied to
the observations of the growth of orographic cumuli was
photogrammetry. Following stereo-photographic technique
developed in earlier studies (e.g. see Orville 1961 for a brief
review), Orville (1965a) was able to trace the cumulus
initiation over the Santa Catalina Mountains, northeast of
Tucson, Arizona and track growth rates, cloud position, and
tracings of clouds over the mountain ridges. Figure 2.1 shows
the cloud positions over the Santa Catalinas and Fig. 2.2 shows
several tracings made from the 9x9 inch film negatives. Orville
(1965a) found that: (1) The clouds form over the principle
mountain ridges with their base topography in general
agreement with the ridge topography; (2) The ambient winds
determine the position of the clouds with respect to the ridge
line; (3) The days with fairly strong winds show evidence of
cloud formation in suspected lee waves; and (4) The growth in
the waves are more vigorous and extend to greater heights.
Orville's photogrammetric study has also shed light on the
importance of orographic lifting on the formation of orographic
cumuli, in addition to the elevated heating as emphasized by
others (e.g. Silverman 1960; Braham and Draginis 1960).
In the 1960's, radar became a new powerful tool to
investigate convective systems. In 1965 extensive radar work
was begun in studying the location and movement of rain
showers at the Institute of Atmospheric Sciences (IAS), South
Dakota School of Mines and Technology (SDSM&T). Kuo
and Orville (1973) used IAS's radar data collected during 1967
to 1970 to aid the understanding of the formation of orographic
precipitation in the Black Hills. The hourly data collected from
the IAS's Nike-Ajax radar systems were analyzed for echo
location, size and characteristics (convective or stratiform
clouds). The data were then transferred to computer-punched
cards. The number of echo occurrences, called echo frequency,
was determined for all years, direction of movement of echoes,
time of day, and type of day. Their results showed double
maxima in echo frequency located over the northwestern and
southeastern sections of the Black Hills (Fig. 2.3), which were
explained by the advection of the southwesterly wind.
Convective orographic precipitation has also been
observed in cloud seeding field experiments in the western US
(e.g. Marwitz 1980, Hill 1978). For example, Hill (1978)
reported equally vigorous upward and downward motion in the
precipitating orographic clouds. This type of embedded
convection, as sketched in Fig. 1.3b, sometimes is visible as a
knobby texture on the top of the orographic cloud. Using
satellite imagery, Biswas and Jayaweera (1976) found that
there could be strong orographic control of air mass
thunderstorms in Alaska. Ogura et al. (1988) also presented a
case study for heavy orographic precipitation in Japan on 23
July 1983. They found that the precipitating mesoscale cloud
system stopped traveling and became quasi-stationary during
that period.
Meanwhile new convective cells formed
preferentially in the area about 50 km off the coast in
succession, and traveled eastward and merged with the quasistationary precipitating system. These convective orographic
precipitations can only be explained by the release of
conditional or convective instability of the upstream flow when
it is lifted by the orography (e.g. see review in Lin et al. 2001),
instead of by either the stable ascent mechanism or the seederfeeder mechanism. Occasionally the convection is associated

with symmetric instability, which is responsible for the
slantwise convection in an area of strong vertical shear (e.g.
Buzzi and Alberoni 1992).
With more advanced and accurate observational
instruments, such as Doppler radar, polarimetric radar, lidar,
wind profiler, dropsonde, mesonet, research aircraft, satellite,
etc., more field experiments have been proposed to investigate
the orographic precipitation as one of their major goals. For
example, the Taiwan Area Mesoscale Experiment (TAMEX;
Kuo and Chen 1990), California Lanfalling Jets Experiment
(CALJET; Ralph et al. 1999), Mesoscale Alpine Programme
(MAP; Binder and Schar 1996), Improvement of
Microphysical PaRameterization through Observational
Verification Experiment (IMPROVE-2; Stoelinga et al. 2003)
have been conducted in 1987, 1997/98, 1999, and 2001,
respectively. These measurements, along with more advanced
analysis techniques, have helped our understanding of
orographic precipitation, especially orographic convective
systems, in the last two decades.
2.3 Theoretical Studies of Orographic Precipitation
A number of authors (e.g. Sarker 1966; Raymond 1972;
Fraser et al. 1973; Barcilon et al. 1979) who have theoretically
studied the problem of moist airflow over mountains. Strictly
speaking, however, they may not be directly related to the
problem of orographic precipitation. The reason is that the
occurrence of precipitation makes the latent heating release
irreversible, thus allowing the generation of gravity waves and
other disturbances, which significantly alter the flow field.
The equation governing a small-amplitude, nonrotating,
inviscid, Boussinesq fluid flow with diabatic heating may be
written as the linear forced Taylor-Goldstein equation (e.g. see
Smith 1979; Lin 1987; C. A. Lin 1991)

(∂ / ∂t + U∂ / ∂x )2 ∇ 2 w − U zz (∂ / ∂t + U∂ / ∂x ) w x + N 2 ∇ 2H w
= ( g / c p To )∇ 2H q ,

(2.1)

where q is the diabatic heating. If we further assume the flow
is two-dimensional and steady state, then Eq. (2.1) becomes
wxx + wzz + l 2 w = ( g / c pToU 2 ) q ,
where

(2.2)

l is the Scorer parameter, which is defined as

l 2 = N 2 / U 2 − U zz / U . After making the Fourier transform in
x direction, the above equation becomes,
wˆ zz + (l 2 − k 2 ) wˆ = ( g / c pToU 2 ) qˆ .

(2.3)

The mathematical problem associated with the homogeneous
part of the above equation with appropriate upper and lower
boundary conditions is very similar to problems encountered in
mountain wave theory (see Smith 1979 for a review). The
most straightforward approach to treat the moisture effects is to
assume that the latent heating is everywhere proportional to the
vertical velocity, i.e. q = αw , where α is a constant. Making
the Fourier transform and substituting into Eq. (2.3) leads to
wˆ zz + [l 2 − k 2 − ( gα / c pToU 2 )]wˆ = 0 .

(2.4)

This implies that the heating effect is simply to modify the
buoyancy frequency in the Scorer parameter term. This
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over the upslope, which tends to enhance the convection in a
concerted way.
The upslope rain theory developed by Smith and Lin
(1982) was improved to include shear and applied to the
orographic rain problem over the Western Ghats in India
(Smith and Lin 1983). Based on the analysis of the data from
the WMO/CSU Summer Monsoon Experiment supplemented
by a model study, Grossman and Durran (1984) concluded that
the Western Ghats, which have a mean height of 800 m , are
capable of contributing to the production of deep convection
well offshore (50-200 km from the coast) by the gentle lifting
of potentially unstable air as it approaches the coast. However,
their conclusion was challenged by Smith (1985) who cited that
the effect of latent heating was omitted in their study. Using a
two-dimensional cloud model to simulate moist flow over the
Western Ghats, Ogura and Yoshizaki (1988) found that in order
to account for the observed features of rainfall over the Arabian
Sea and the Ghat Mountains during the summer monsoon
season, the strongly sheared environment and fluxes of latent
and sensible heat from the ocean are essential. Lin (1987) has
solved the problem of thermal forcing in a shear flow with
critical level, which appears to be able to produce a maximum
disturbance that coincides with the horizontal location of the
critical level. Lin et al. (2001) proposed that the critical level at
about 6 km height for the flow approaching the Western Ghats
plays the role to make the mesoscale convective system quasistationary, thus produces heavy rainfall over the upslope and
upstream of the mountain (as will be discussed in section 4).
The rainfall farther to the ocean might be explained by the lowFroude flow regime as proposed by Chu and Lin (2000).
Smith and Lin's theory was extended to time-dependent
problem by Lin and Smith (1986) and Bretherton (1988). The
weakening of mountain waves produced by sensible heating
found by Raymond (1972) and downward displacement
produced by elevated latent heating found by Smith and Lin
(1982) were then explained by the advection mechanism by Lin
and Smith (1986) and by the group velocity argument by
Bretherton (1988). By solving an initial-value problem similar
to Lin and Smith (1986), but with prescribed latent heating and
evaporative cooling, Raymond (1986) found that the strong
speed selectivity of wave-CISK (see Raymond 1984 for a
review) is due to the requirement that the actual vertical
velocity at the level of free convection exceeds the diabatic
mass flux there. Similar theories have been further developed
and applied to various mesoscale problems, such as effects of
clouds on orographic flow (Durran and Klemp (1982), lake
effects, effects of snow melting, effects of evaporative cooling,
moist convection, and heat island problem (see reviews in C. A.
Lin and Stewart 1991).
The areas of heavy orographic precipitation often occur at
the foothill and the upslope area of the mountain (e.g. Chu and
Lin 2000), even though the individual cells may be triggered
further upstream. This implies that the convergence associated
with the orographic forcing plays an important role in
enhancing the convection and then the precipitation over the
upslope area and in the vicinity of the foothill. This also
indicates that a wave-CISK (see Raymond 1984 for a review)
mechanism may operate in the combined orographic forcing
and elevated thermal forcing. Using a coupled theoretical
model with a CISK-like heating, Davies and Schar (1986)
extended the studies of the combined effects of thermal forcing
associated with orographic clouds and orographic forcing (e.g.,

particular parameterization of q in terms of w requires that the
heat added to an air parcel lag the vertical displacement by a
quarter cycle (Smith and Lin 1982). It follows that the
buoyancy forces can do no work and therefore that the heat can
only modify, but not generate, internal gravity waves.
Sarker (1966) took a similar approach by assuming that
the middle (cloud) layer of a three-layer atmosphere is moist
adiabatic and the basic wind has vertical shear. An analytical
solution was then obtained for moist airflow over Western
Ghats of India. The rainfall was estimated by assuming that the
rate of precipitation is equal to the rate of condensation. Fraser
et al. (1973) also considered a three-layer atmosphere with a
pseudo-adiabatic middle layer and dry upper and lower layers.
They found that the release of latent heat lowers the stability in
saturated regions of the flow, and the dynamical effects of
latent heat are significant in some cases, but are generally
secondary to the barrier effect of the terrain.
Raymond (1972) found that mountain waves are
strengthened (weakened) by low-level sensible cooling
(heating) in a study of airflow over a two-dimensional
mountain ridge. By assuming the conservation of total water
content, a reversible condensation process and a small
difference between dry and wet adiabats in the model
atmosphere, Barcilon et al. (1979) was able to formulate a
mathematical problem with a cloud and dry region identified
analytically by iteration method. The switching between cloud
and dry region is nonlinear mathematically, even though the
basic equations are linearized. They found that the effect of
moisture is to reduce the drag on the mountain, which has a
similar effect of the sensible heating found in Raymond (1972).
The linear thermodynamic equation may be approximated by
(Barcilon et al. 1980; Lin et al. 1998)

Dθ / Dt + ( N 2θ o / g ) w = ( N 2 / g )εwQ ,

(2.5)

where D / Dt = ∂ / ∂t +U∂ / ∂x , ε ≡ (N 2 − N w2 ) / N 2 , N 2 =
( g / T ) ( Γd − Γ) , N w2 = ( g / T ) ( Γs − Γ) and Q =1 or 0
depending upon inside or outside the cloud, respectively. In a
stable atmosphere, ε is less than 1, while it is greater than 1 in
a conditionally unstable atmosphere. Smith and Lin (1982)
solved a mathematical problem of orographic rain analytically
by prescribing the latent heating to represent latent heating with
observed rates of precipitation. They found that: (1) a
convergence of the vertical momentum flux at the heating
level, which tends to accelerate the flow there.
This
phenomenon appears to be related to wave-CISK mechanism
(Raymond 1986); (2) The relative importance of the diabatic
heating and orographic forcing can be represented by a
nondimensional number, gQob / c pToU 2 Nho , where b is the
half-width of the heating function and ho is the mountain
height; (3) prescribed heating (cooling) tends to produce
downward (upward) displacement, thus reduces (enhances) the
drag on the mountain; and (4) special treatment is required to
avoid net heating problem. Figure 2.4 illustrates the vertical
displacement fields simulated by Smith and Lin (1982) for (a)
the dry flow over a bell-shaped mountain and (b) the case with
heating located far upstream of the mountain to represent the
convective precipitating system. The heating associated with
the upstream precipitating system may generate upward motion
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Raymond, 1972; Smith and Lin, 1982). They found that the
elevated thermal forcing and orographic forcing might interact
with each other, enhance the response upstream, and produce
strong lee slope winds. As pointed out by Davies and Schar
(1986), the enhanced response is indeed a resonant wave-CISK
mode. Although the wave-CISK mechanism may play an
important role in the present case, the model of Davies and
Schar cannot be applied directly due to the lack of precipitation
and some other constraints in their model. In the present case,
the precipitation appears to play an essential role by producing
evaporative cooling which, in turn, produces the density current
and then generates new convective cells (e.g. Lin et al. 1998).
Assuming a wave-like solution, w = wˆ exp[ik ( x − ct )] , Eq.
(2.1) may be reduced to (Bolton 1980)
2 ∫zz2 ci (U − c r )( dη / dz
1

2

z
∫z12 ( g η Fsinβ ) dz ,

2

One of the earliest attempts to numerically simulate
orographic flow with thermal forcing are Thyer and Buettner's
(1962) simulation of mountain-valley winds and Orville's
(1964) simulation of upslope winds. Unfortunately, Thyer and
Buettner's numerical integrations were only carried out for two
minutes due to computational instability problem. Based on
the two-dimensional incompressible equation set developed by
Ogura (1962), Orville (1964) conducted numerical simulations
of upslope winds with a free-slip lower boundary condition and
rigid lid at the domain top. The domain top is located at 3 km .
Flow is assumed to be symmetric with respect to the ridgeline,
so that only half of the domain is needed for numerical
calculation. The sensible heating is forced by the diurnal
variation of the potential temperature at the lower boundary
through the thermal diffusion into the interior fluid.
Surprisingly, a very fine resolution with 100 m grid resolution
was adopted in both x and z directions. Compared to Thyer
and Buettner's simulations, Orville's work is quite successful,
which was able to run to 90 min and mimic some basic features
of thermal slope winds discussed in Defant (1951). Figure 2.5
shows the simulated upslope wind by Orville (1964), which
was developed over the lower slope and then moves upward
along the mountain slope with magnitude increasing with time.
Orville (1965b) extended his dry model (Orville 1964) to
include liquid water, which is mixed together with the dry air in
the continuity equation. The thermodynamic equation is
identical to Ogura (1963), in which the water-vapor mixing
ratio is treated differently with saturated and unsaturated air.
An additional equation for the mixture of dry and moist air is
added to that of Orville (1964). This is an important progress
in simulating moist orographic flow. Figure 2.6 shows a
simulated cloud, which starts to form over the mountain peak
that develops to a cumulus cloud of about 2.25 km deep.
Orville's pioneering numerical work on orographic flow was
almost concurrently with numerical simulations of other
phenomena, such as the hurricanes and cumulus convection. In
the meantime, Buettner and Thyer (1965) have made
simulations of valley winds and Fosberg (1967) has made
numerical simulations of mountain-valley winds.
While
Orville (1964) adopted an impressible continuity equation,
Fosberg (1967) used a Boussinesq approximation, which is
more restrictive.
These earlier numerical studies have
reproduced some basic features of the dry and moist
convections over mountains.
Orville (1968) extended the study of Orville (1965) to
investigate the initiation and development of orographic
cumulus clouds. Significant progress was made by adopting a
periodic lateral boundary condition, so that the whole domain
was included in the simulations. Additional progress was made
with the improvement of the upper boundary condition. An
open upper boundary condition was developed, in which the
values of dependent variables are extrapolated from interior
values. Thus, the cloud was able to develop further aloft.
Figure 2.7 shows the development of an orographic cumulus
cloud forms over the mountain peak and is advected
downstream by the basic flow while growing both horizontally
and vertically. Liu and Orville (1969) have incorporated
precipitation into the model equations, which allows them to
simulate orographic precipitating systems. In parallel studies,
Orville and his associates and students at the Institute of
Atmospheric Science (IAS) at the South Dakota School of
Mines and Technology (SDSM&T) devoted time and effort on

2

+ k 2 η )dz =
(2.6)

where η is the vertical displacement and we have assumed
q = ( c pTo / g ) F exp(iβ ) w . If β = 0 , then Eq. (2.6) equals to
0, which implies that either ci = 0 or ci ≠ 0 and U − cr = 0
somewhere. In other words, if the diabatic forcing is in phase
with w everywhere, then either there exists no amplification or
if amplification exists, then so must a steering or critical level.
In addition, Bolton concluded, "For diabatic forcing to
generate an amplifying, non-steering level perturbation, it is
necessary that the forcing should be somewhere out of phase
with w ."
Some important dynamical processes have been obtained
by the above-mentioned theoretical studies, which have shed
lights to improve the parameterization or representation of
physical processes in numerical models. However, almost all
of the theories have some constraints, such as small-amplitude
assumption, relatively simpler representations of moist
processes, idealized environments, etc. In order to have a more
realistic representation of the complicated orographic rain
processes for improving the quantitative precipitation
forecasting, numerical modeling appears to be the natural
choice.
2.4 Numerical Simulations of Orographic Precipitation
Compared to some approximations made in theoretical
studies, such as small-amplitude (linear), two-dimentionality,
idealized basic states, and simple representation of
microphysical processes, and the coarse data used for
observational analysis, numerical modeling study provides an
alternative tool in studying the dynamics of orographic
precipitating processes. Although it is relatively easy to
acquire a cloud model in the public domain and learn how to
conduct numerical simulations in a relatively shorter time
period these days, the development of numerical models and
their application to various problems in meteorology, which
include numerical simulations of orographic precipitation, have
come a long way to reach today's status, the quantitative
forecast of orographic precipitation remains challenging (Smith
et al. 1997). In this subsection, we will make a brief review of
work done in 1960's and 1970's, since some numerical
modeling studies made in the 1980's and 1990's have been
discussed in other parts of this paper.
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developing new schemes for parameterizing the cloud
microphysical processes. Orville and Sloan (1970a) simulated
the life history of a rainstorm. The major changes of this study
from Orville (1968) are: (1) the governing equation was based
on Liu and Orville (1969) and Orville (1965), in which the rain
water was included, thus it could simulate a more realistic
cumulus cloud, (2) Crowley's (1968; Orville and Sloan 1970b)
advection scheme was adopted, (3) a much larger vertical
domain was used while the same horizontal and vertical grid
intervals are kept the same ( 100 m ), (4) a zero-gradient
boundary condition was applied at the lateral boundaries, and
(5) a rigid lid was assumed.
Figure 2.8 shows an
orographically generated rainstorm simulated by Orville and
Sloan (1970a), which produced a rainstorm with some observed
major features. In addition to the modeling work, Kuo and
Orville (1973) investigated radar climatology of summertime
convective clouds in the Black Hills. The Black Hills
orographic rain problem continues to attract the research at IAS
of SDSM&T (e.g. Hjelmfelt 1992). It appears that Orville has
shifted his gears to studying and advising his associates and
students on cloud microphysical parameterization and cloud
seeding research, among other research, after he made a
significant contribution to the modeling of orographic flow and
precipitation. He continues his interest in numerical modeling
of orographic precipitation in recent days (e.g. Orville
1990a,b,c).
Based on the coalescence procees, a seeder-feeder
mechanism can operate quite effectively with the presence of
ice particles in the seeder cloud to produce heavy rainfall when
they pass through the feeder cloud. Choularton and Perry
(1986) considered precipitation formation by ice crystal vapor
deposition growth and by riming of cloud droplets and found
that the orographic enhancement of precipitation by snowfall
exceeded that of rainfall. Using the orographic rain model
developed by Fraser et al. (1973), Hobbs et al. (1973)
computed the trajectories of ice particles growing by vapor
deposition and riming. Rauber (1981) also determined air
motions and liquid-water production by using a linear,
orographic flow model and calculated trajectories of ice
particles. However, approaches taken by Rauber (1981) and
Hobbs et al. (1973) calculated the liquid-water production
independent of ice-particle depletion of liquid water (Cotton
and Anthes 1989). In other words, the Bergeron-Feideisen
process was neglected in their model. In the 1970's and early
1980's, Orville devoted his time and effort to the development
of new schemes for microphysical parameterization (e.g.
Orville et al. 1975; Orville and Kopp 1977; Orville 1978; Lin et
al. 1983; Orville et al. 1989; Farley et al. 1989; Orville 1996).
In particular, a new bulk parameterization of cloud
microphysical processes was developed in Orville's model (also
known as the Lin-Farley-Orville or LFO scheme reported in
Lin et al. 1983), which included cloud ice, snow, and
graupel/hail, in addition to cloud water and rain, and BergeronFindeisen process.
Taking a somewhat different approach to the bulk
parameterization of cold cloud microphysics processes from
Orville's model, Cotton et al. (1982; 1986) treated aggregates of
ice crystals as a distinct snow species in the Regional
Atmospheric Modeling System (RAMS).
Due to the
significant improvement of supercomputing power, the bulk
parameterization schemes have been adopted in mesoscale and
numerical weather prediction models. Based on the LFO

parameterization scheme, Rutledge and Hobbs (1984) added
the collision between snow and cloud water (riming) as a third
mechanism for producing graupel, in addition to the collisions
between rain and cloud ice, and collisions between rain and
snow, to simulate narrow cold-frontal rainbands imbedded in
midlatitude cyclones. Dudhia (1989) simplified the three ice
categories to just ice crystals and snow aggregates, which is
often referred to as the simple ice scheme. Murakami (1990)
has proposed another parameterization for accretion rate.
Mizuno (1990) has proposed an improvement in the
parameterization of the accretion process among different
precipitation particles, especially when the terminal velocity
difference between different particles is small. Tao et al.
(1989) and Tao and Simpson (1993) modified the LFO scheme
to include (also known as the Goddard scheme): (1) the option
to choose either graupel or hail as the third class of ice
(McCumber et al. 1991) to be more suitable for tropical
convection or tropical cyclone simulations, (2) the saturation
technique to ensure that supersaturation (subsaturation) cannot
exist at a grid point that is clear (cloudy), and (3) simultaneous
calculation of all microphysical processes, except melting,
evaporation and sublimation, based on one thermodynamic
state. Schultz (1995) also proposed a simplified scheme for
operational numerical weather prediction models, which
contains ice and graupel/hail processes. On the other hand,
Ferrier (1995) proposed a four-class ice scheme, in which the
frozen drops/hail was added. In addition, Ferrier also proposed
the double-moment scheme; in which both ice mixing ratios and
number concentrations were predicted. Tao et al. (2003)
showed that the use of a three-class ice scheme (such as in Lin
et al. 1983; Tao and Simpson 1993) and Ferrier's (1995) fourclass ice scheme does not have any significant impact on the
organization and propagation of a tropical squall system, but
does affect the surface precipitation. The surface precipitation
with the 4-class ice scheme is reduced by about 30%. In the
simulations of Tao et al. (2003), they also found that the threeclass ice scheme produced more and larger graupel in the
convective towers, compared to that used the four-class ice
scheme. Other improvements of the bulk microphysics
parameterization of the LFO scheme have also been made (e.g.,
Ikawa and Saito 1991; Rotstayn 1997; Reisner et al. 1998;
Chen and Sun 2002). The LFO scheme and its various forms
have been widely adopted in mesoscale and cloud models. Note
that microphysical processes also feedback on the dynamics
(e.g. Willoughby et al. 1984; Lord and Lord 1988), thus
improvements may be made by making appropriate
adjustments in some parameters, such as terminal velocities of
snow and graupel, in the bulk microphysics parameterization.
The major advancements in numerical modeling of
orographic precipitation in the 1970's and 1980's have also
benefited from the improvements in supercomputing power and
numerical techniques, such as the open lateral boundary
condition, radiation and absorbing-layer upper boundary
conditions, terrain-following coordinates, stretching and
staggering grid structures, cumulus and microphysical
parameterization schemes, boundary layer parameterizations,
more accurate numerical integration techniques, merging of
cloud and mesoscale models, etc. These improvements make it
possible to do some detailed case simulations of orographic
precipitation. In the 1990's, the major advancement are the
improvements on initialization schemes, data assimilation
schemes, more mesonets, more field experiments targeted at
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orographic rain problem which provide better data for
modeling, availability of numerical models in the public
domain, and more powerful computers, improvements in global
models and numerical weather prediction models (which
provide initial data for mesoscale models), among other things,
which make more accurate real-case simulations and real-time
mesoscale prediction possible (e.g. Warner and Seaman, 1990;
Mass and Kuo 1998; McDonald and Horel 1998; Colle and
Mass 2000). Some numerical modeling studies in 1980's and
1990's are also discussed in other parts of this paper.
Even though some significant advancement in numerical
modeling has been made in the last several decades,
quantitative precipitation forecasting of orographic rain
remains challenging (e.g. Mass and Kuo 1998; Ralph et al.
1999; Colle and Mass 2000; Lin et al. 2003). Numerical
modeling results are still sensitive to cumulus and
microphysical parameterization schemes. With the same set of
parameterization schemes installed in the same model,
noticeable differences in the results could be different for
different weather systems. For example, the Kain-Fritsch
cumulus parameterization scheme is found to be more suitable
for simulating stronger weather systems. On the other hand, the
Grell cumulus parameterization scheme does a better job in
simulating weaker weather systems. In the meantime, the
Betts-Miller scheme is found to be more suitable for grid
resolution coarser than 30 km (see reviews in Emanuel and
Raymond 1993). Some inconsistent results have also been
generated by adopting different microphysical parameterization
schemes in simulating the same orographic precipitation event,
and by adopting the same microphysical parameterization
scheme in simulating two different orographic precipitation
events.

Troughs
By comparing the 1972 Rapid City, South Dakota flood,
1977 Big Thompson Canyon, Colorado flood, the 1997 Fort
Collins, Colorado flood, and the 1995 Madison County,
Virginia flood, the following synoptic and mesoscale features
have been observed (Maddox et al. 1978; Petersen et al. 1999;
Pontrelli et al. 1999). (1) There exists a mid- and uppertropospheric shortwave trough just upstream from the flood
location, which is propagating towards the high-pressure ridge
axis. (2) There exists a massive middle-upper tropospheric
westward-tilted ridge of high pressure. (3) There exists a very
strong upslope, low-level jet (LLJ) from the east or southeast
and a southward-propagating shallow cold front. (4) The LLJ
has a very high equivalent potential temperature. (5) There
existed conditional instability. (6) Weak mid- and uppertropospheric steering currents favored the slow-moving
stormsl. These features are sketched in Fig. 3.1. Note that a
high Convective Available Potential Energy (CAPE) has also
been observed in some of these heavy orographic precipitation
events, but is not consistently observed for others, such as in
the Fort Collins storm. Note that CAPE is of mesoscale nature,
it can be highly dependent on time and location. In addition, in
the Fort Collins storm, an accelerated easterly and low-level
wind impinged on the mountains and induced a quasistationary convective system causing the heaviest rainfall to be
located directly over Fort Collins.
The Alps is another well-known mountain range, which
often strongly influences the moist airstream that can produce
heavy orographic precipitation and flash flooding. The Alps
have a length of about 1000 km, a width of about 200 km, and
are characterized by numerous peaks and valleys. The highest
peak reaches a height of about 4.8 km, which affects the
incoming moist airstream significantly and occasionally
produces heavy orographic precipitation or flash flooding on its
southern slopes in fall. In analyzing some heavy orographic
precipitation events which have occurred over the southern
Alpine slopes (e.g., the Vaison-la-Romaine event in France, the
Brig and South Ticino events in Switzerland, and the Piedmont
event in Italy) during the fall season, Massacand et al. (1998)
found that all these events were accompanied by a deep (~4
km), narrow (~500 km), and elongated (~2000 km) uppertropospheric filament of extruded stratospheric air, which
extended in a meridionally-oriented (north-south) direction
from the British isles to the western Mediterranean. In each
case, the filament of stratospheric air translated relatively
slowly eastward, and the storm event ensued as the filament’s
forward flank approached the Alpine ridge. Massacand et al.
(1998) then proposed that these filaments constitute a streamer
of high potential vorticity (PV) and act as a precursor for
storms along the southern slopes of the Alps. They proposed
that these high PV streamers tend to: (i) enhance the southerly
LLJ toward the Alps, (ii) reduce the static stability beneath the
upper-level PV anomaly and (iii) trigger ascent on the PV
streamer’s forward flank.
In investigating heavy orographic rain over the southern
Alps, Buzzi and Foschini (2000) found that the following flow
features are important for allowing the persistence of strong
upward motion and moisture convergence: (1) The flow at low
levels maintains a southerly direction over the western
Mediterranean, with pronounced confluence over the western
Alps, between the post-frontal southwesterly flow and the prefrontal southeasterly flow located more to the east. (2) There

3. Synoptic and Mesoscale Environments Conducive to
Heavy Orographic Precipitation
Following Lin et al. (2001), we will review several heavy
orographic precipitation events that occurred in the US, Alpine,
Taiwan, and Japan mountains and then synthesize some
common synoptic and mesoscale environments conducive to
heavy orographic precipitation. These orographic precipitation
events are often associated with the passage of trough. Some
common synoptic and mesoscale environments shared by
heavy orographic precipitation have been recognized as early as
the 1940's. For example, Douglas and Glasspoole (1947)
identified the following three common synoptic conditions in a
large number of heavy orographic rain events: (1) A strong
wind perpendicular to an extensive mountain ridge, (2) An air
mass which is moist in depth and preferably contains existing
cloud layers, and (3) A lapse-rate which is near neutral
stability, without markedly stable layers or inversions. In
addition to the above common synoptic conditions, Sawyer
(1956) added that a vertical wind-profile with positive
∂ 2U / ∂z 2 exists in many heavy orographic rainfall events.
Sawyer claimed that the relative importance among the above
four conditions was not fully assessed at that particular time.
He suggested that suitable conditions for the orographic effect
to be strong often occur in frontal rain areas, which helped
explain that that warm sectors containing strong winds and
deep moist air are most favorable for heavy orographic rain in
the Welsh mountains in England.
3.1 Orographic Precipitation Associated with the Passage of
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exists an 850 hPa pre-frontal LLJ that serves as a “warm
conveyor belt” (Harrold 1973) that flows directly towards the
Ligurian Apennines and the western Alps. (3) There exists a
deep upper-tropospheric trough approaching the Alps. (4)
There exists a quasi-stationary pressure ridge in the uppertroposphere, located to the east, associated with an anticyclone
over Eastern Europe. In addition, if one inspects Massacand et
al.’s figures closely, it can be seen that there also exists a quasistationary pressure ridge built up to the east of the trough or the
high-PV streamer in all cases, which was not emphasized in
their paper. The approaching deep trough provides upper-level
divergence, which couples with the low-level convergence and
upward motion over the southern Alpine slopes to produce
heavy orographic precipitation. One particular flow feature
associated with the majority of Alpine heavy orographic
rainfall events is that convection often starts in the concave
region south of Alps, such as the Lago Maggiore in Italy, and
the Ticino region in Switzerland (e.g. Binder and Schar 1996;
Buzzi and Foschini 2000). This convergence in the vicinity of
the concave region tends to enhance the low-level upward
motion induced by the upslope, which in turn triggers the
convection. Schneidereit and Schar (2000) showed that if an
east-west oriented mountain barrier had a western flank, the
flow in the presence of a southerly LLJ could undergo
transitions from a regime of "go-around" (i.e. low-Froude
number flow with stronger blocking) the eastern upslope to
"go-over" the western upslope.
Figure 3.2 shows the accumulated 12-h rainfall ending at
9/20/00UTC and 12UTC 1999 during the MAP IOP-2B heavy
orographic rainfall event. The maximum rainfall started at the
Lago Maggiore (in Italy) area (Fig. 3.2a), which reached 130
mm during the 12-h period ending at 9/20/00UTC (Fig. 3.2b).
The rainfall extended from the Lago Maggiore area to the Gulf
of Genoa. This heavy rainfall area was associated with the
impinging deep trough (Fig. 3.3), which brought in air of high
moisture content from the Ligurian Sea (Lin et al. 2003).
Similar to the previously discussed historical events, the upperlevel pressure ridge located to the east of the approaching deep
trough is quasi-stationary (Lin et al. 2003). During the next 12h period ending at 9/20/12UTC, the heavy rainfall
encompassed the entire southern slopes of the Alps (Fig. 3.2b).
Figure 3.3 shows the surface and 300 hPa wind fields at
9/20/00UTC 1999 associated with MAP IOP-2B.
The

a. The heavy orographic precipitation event of 7 August 1999
in Taiwan
The CMR of Taiwan has a length of about 300 km,
oriented in a north-northwest to south-southeast direction, a
width of about 100 km, and an average height of about 2.5 km,
with the highest peak about 4 km. Tropical Storm (TS) Rachel
approached Taiwan on 8/6/12UTC 1999 from the southwest
passing over the Taiwan Strait and produced heavy rainfall on
the southwest coast of Taiwan during the early morning of
August 7 (Fig. 3.4). The maximum accumulated rainfall in
southwest Taiwan reached 347 mm for a two-day period
starting from 8/6/00UTC. At 8/6/12UTC, the mesoscale
convective system associated with the tropical storm covered a
circular area with a diameter comparable to the meridianal
(north-south) extent of Taiwan (about 400 km). Some scattered
convective clouds had already erupted before 8/6/06UTC (Lin
et al. 2001; Chiao and Lin 2003) over the CMR and also to the
southwest of Taiwan. Since TS Rachel is located so far away
at this time and the convection associated with it was strongest
on its southwest side, it was found (Lin et al. 2001) that that the
convection was induced by the orographic lifting of the
southwesterly conditionally unstable airflow. The low-level
southwesterly flow was strengthened by the approaching
tropical storm. In other words, a significant amount of heavy
rainfall was not directly associated with the convection
embedded within the tropical storm. At 8/6/18UTC, the
convection located over the southwest coast of Taiwan
increased significantly and produced rainfall there. Note that
the tropical storm was still about 500 km to the southwest of
Taiwan at this time. By 8/7/00UTC, the whole island of
Taiwan was covered by this convective system and the 24-h
accumulated maximum rainfall has reached about 160 mm
(Fig. 3.4).
At 8/6/12UTC 1999, the low-level south-southwesterly
flow turned more southwesterly, was strengthened by TS
Rachel, and impinged more perpendicularly on the CMR,
which forced the air to ascend to its LFC, which released the
conditional or convective instability, and induced strong
convection over the southwestern coast of the island, resulting
in heavy rainfall. The effect of orographic lifting of the lowlevel air is evidenced by the upstream sounding at Tong-Kang
(TKG; in southwest Taiwan), which gives a LCL of 0.2 km
and a LFC lower than 0.6 km (Chiao and Lin 2003). Near the
threat area, the CMR has a height of about 2 km. With such a

southerly LLJ has a maximum value of about 12.5 ms −1 at
Milan, Italy. It appears that MAP IOP-2B possessed similar
features, such as the deep trough, moist LLJ, and quasistationary upper-level ridge, to those described in studies by
Massacand et al. (1998) and Buzzi et al. (2000). CAPE values
calculated from the Milan soundings were very small (149

LLJ of about 10 ms −1 , the low-level flow should have enough
kinetic energy to climb up above the LFC and release the
conditional instability. In addition to the orographic lifting, the
concave geometry of the CMR near the southwest of Taiwan
appears to also generate confluent flow and enhance the
upward motion, as is often observed in other cases of heavy
orographic rain. The upstream flow has a very high CAPE

J kg −1 at 9/20/00UTC), however, the CAPE at Cagliari (near
the southern end of Sardinia) at 9/20/00UTC reached 2793

(2099 J kg −1 ) at TKG and is potentially unstable ( ∂θ e / ∂z <0).

J kg −1 (Stein 2001).

Thus, the tropical storm played a role in enhancing the
southwesterly LLJ, transporting the conditionally and
potentially unstable air to the threat area, which allowed the
mountains to force the air upward and release the instability.
A very similar situation occurred on the evening of 7
August 1959 (Lin et al. 2001). A tropical depression
approached Taiwan from the southwest, resulting in severe
orographic rainfall and flash flooding over southern and central
Taiwan. Concurrently, Typhoon Ellen was located to the

3.2 Orographic Precipitation Associated with the Passage of
Tropical Storms
When a weather system, such as a tropical storm,
approaches a mountain range, the circulation associated with it
may interact with the mountain and induce heavy precipitation
and lead to flooding.
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north-northeast of Taiwan and south of Korea. Thus, the
synoptic situation at the surface is very similar to that of the
1999 heavy orographic rain event in Taiwan except that the
tropical depression is much weaker in this case. The tropical
depression did play a role in enhancing the LLJ impinging on
the southwestern CMR. It appears that Typhoon Ellen was able
to help slow the movement of the tropical depression, similar to
that Typhoon Paul did to TS Rachel of 7 August 1999. Heavy
orographic rain may also be produced by a strong typhoons,
such as that produced by supertyphoon Bilis (2000) (Lin et al.
2002).

air upstream of the Kyushu mountains has high CAPE as well
as high water vapor mixing ratio (Lin et al. 2001).
Based on the above discussions, we may conclude that the
following synoptic and mesoscale features are common for
producing heavy orographic rainfall associated with a tropical
storm or depression in Taiwan and Japan: (1) A steep mountain
helps to release the conditional or convective instability. (2) A
weather system (e.g. tropical storm or depression) helps
enhance the LLJ. (3) The LLJ is highly conditionally (i.e. high
CAPE) and convectively unstable. (4) A quasi-stationary
synoptic system (e.g. a typhoon or a stationary front), acts to
impede or slow the movement of the convective system over
the mountains. The first three synoptic and mesoscale features
have also been observed for heavy orographic rain on northern
New Zealand when the Tropical Cyclone Bola moved from
north toward Northern Island on 6 and 7 March 1988 (Sinclair
1993). Sinclair indicated that from about 3/7/00UTC, Bola's
southward movement was slowed down by the intensifying
high-pressure ridge over the Southern Island. Thus, the highpressure ridge over the southern island plays the same role as
the quasi-stationary front in Japan's case and the quasistationary tropical cyclones in Taiwan's case.

b. A heavy orographic precipitation event in Kyushu, Japan
On 29-30 August 1974, a heavy rainfall event occurred
over southeastern Kyushu, Japan (Sakakibara 1979; reviewed
in Lin et al. 2001). The heavy rainfall was induced by the
Kyushu mountain range affecting a strong southeasterly LLJ
associated with an approaching tropical depression. The major
mountain range of Kyushu (the southernmost island of Japan),
i.e. the Kyushu Sanchi, is oriented approximately parallel to the
coast, roughly from north-northeast to south-southwest (Fig.
3.6b). The highest peak of the mountain range is higher than
1500 m.
At 8/29/12UTC 1974, a tropical depression approached
Kyushu from the southeast. The major low-level synoptic
features at this time are shown on the 850 hPa map (Fig. 3.6a).
An extratropical cyclone was located to the south of the Korean
Peninsula. A cold front extended roughly southward from the
cyclone, while a warm front extended east-northeastward from
this cyclone over the Japan/East Korean Sea. This cyclonefront system was quasi-stationary during the heavy rainfall
period, and was important in producing a long-lasting
precipitation over the Kyushu mountain range. Similar to the
1959 Taiwanese case and unlike the 1999 Taiwanese case,
there were no other significant synoptic features which existed
in the upper troposphere. At 8/30/00UTC, a cluster of small
clouds started to form along the Pacific coast of the Japanese
Islands, even though the tropical depression was still located
several hundred kilometers off the coast. The tropical
depression helped produce heavy orographic rainfall on the
upstream and upslope side of the Kyushu Mountains.
According to Sakakibara (1979), the echoes observed by the
Tanegashima radar at 3-h intervals from 8/29/04UTC to
8/30/06 UTC 1974 are restricted from the windward
(southeastern) slope of the mountain range out into the ocean,
approximately 150 km off the coast of Kyushu Island (not
shown). The maximum intensity was located over the
windward slope and the intensity of echoes sharply decreased
near the crest of the mountain range. The heavy rainfall was
induced by the mountains at this time, instead of being
associated with the convection which had already existed
within the tropical depression. The maximum daily rainfall
reached an amount greater than 150 mm (Sakakibara 1974).
Similar to the Taiwanese cases, the upslope convection was
triggered by orographic lifting of the LLJ impinging on the
Kyushu mountain range. The southeasterly low-level wind was
enhanced by the cyclonic circulation associated with the major
tropical depression, which approached Kyushu Island, and
resulted in a LLJ upstream of the Kyushu mountains (Fig.
3.6a).
The CAPE at an upstream station, Shinomisaki at

3.3 Orographic Precipitation Associated with the Passage of
Midlatitude Storms and Fronts
When a midlatitude cyclone or a frontal system
approaches a mesoscale mountain, convective instability may
be triggered due to orographic lifting of the lower-layer of the
incoming air. Figure 3.7 shows a schematic of a split front
with the warm conveyor belt (Harrold 1973) undergoing
forward-sloping ascent. Five types of precipitation were
identified (e.g. Browning and Monk 1982; Reynolds and
Dennis 1986): (1) warm-frontal precipitation, (2) convective
precipitation-generating cells associated with the upper front,
(3) precipitation for the upper cold-frontal convection
descending through an area of warm advection, (4) light rain
and drizzle in the shallow moist zone, and (5) shallow
precipitation associated with the surface cold front. This figure
shows the importance of orographic lifting of very moist air
associated with the warm conveyor belt in triggering
convective instability, which leads to heavy orographic
precipitation. Rainfall enhancement by the mountains have
also been observed during the passage of Mei-Yu fronts
passing over Taiwan's Central Mountain Range (e.g. Chen and
Yu 1988; Chen and Li 1995) and the passage of cold front over
mountains on Vancouver Island (e.g. Yu and Bond 2002).
Figure 3.8 shows a schematic time-height cross section of a
typical cyclonic storm passing over San Juan Mountains of
southern Colorado as generalized by Cooper and Marwitz
(1980). Based on the convective instability, Marwitz (1980)
and Cooper and Marwitz (1980) identified four storm stages:
stable stage, neutral stage, unstable stage, and dissipation stage.
Smith (1982) proposed a differential advection mechanism
to explain the orographic precipitation associated with deep
convection and extending far upstream during the passage of
fronts. By assuming a horizontally advected cold front over a
small-amplitude mountain, the horizontal velocity can be
obtained,
u( x, z ) = U [1 + ( hal )[( x cos lz − a sin lz ) /( x 2 + a 2 )] , (3.1)
where l = U / N , h and a are the mountain height and halfwidth. Neglecting vertical motion, the horizontal position of

8/28/12UTC was 1149 J kg −1 . Note that this LLJ was
oriented almost perpendicular to the Kyushu Mountains. The
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upstream. The individual convective cells more likely form
and grow repeatedly on the upslope, due to an upstream
propagating density current. The precipitation associated with
this type of convective system may be responsible for some of
the heavy rainfall over the windward slope and plain area. It
appears that the formation of individual convective cells is
dominated by the density current forcing at the later stage,
when the density current is fully developed. No convective
cells are able to form on the lee slope in this case.
With a more careful inspection of the areas of heavy
precipitation shown in Fig. 4.2a and the vertical structures of
the convective system, convective cells often occur at the
foothill and the upslope area of the mountain, even though the
individual cells may be triggered further upstream. This
implies that the convergence associated with the orographic
forcing plays an important role in enhancing the convection and
then the precipitation over the upslope area and in the vicinity
of the foothill. Chu and Lin (2000) suggested that a waveCISK mechanism (see Raymond 1984 for a review) might
operate in the combined orographic forcing and elevated
thermal forcing, similar to that proposed in Davies and Schar
(1986) in their orographic rain study. In the present case, the
precipitation appears to play an essential role by producing
evaporative cooling which, in turn, produces the density current
and gust front and then generates new convective cells.

the front at each altitude x f is altered by advection according
to
dx f / dt = u ( x, z ) .

(3.2)

With the initial position specified as x f ( z, t o ) = x o − cz ,
where c is the frontal slope and xo is the position of the surface
front, x f can be obtained analytically. Figure 3.9 shows the
propagation of an idealized cold front over a bell-shaped
mountain. Near the ground, the incoming flow is retarded by
the orographic blocking, while the upper-layer flow speed
increases so that the front moves more rapidly.
This
orographically induced vertical shear eventually makes the
frontal surface overturn. Thus, the cold air is overriding the
warm air producing convective instability. Smith (1982)
proposed that the tendency of a mountain to block the low-level
flow is so strong that even a nearly horizontal air mass
boundary can be overturned by a mountain of modest height,
which provides an efficient way to produce precipitation.
Although both the physics and dynamics are simple, Smith's
theory seem to be able to explain the convective instability
associated with the passage of a front over a mountain.
4. Moist Flow Regimes and Common Ingredients of
Orographic Precipitation
4.1 Moist Flow Regimes
Based on idealized simulations for a moist flow over a
mountain with the ARPS model (Xue et al. 2000), Chu and Lin
(2000) proposed the use of a moist Froude number, defined as
Fw = U / N wh , where N w is the moist Brunt-Vaisala
frequency, to classify the characteristic of the propagation of
the orographically induced mesoscale convective system.
Figure 4.1 shows the time evolution of the surface wind speed
and rainwater content at z = 1 km for flow over flat surface. In
Figure 4.1a, several convective cells, produced by the upstream
and downstream propagating gust fronts, form between these
two gust fronts.
Cold-air outflow accompanies the
precipitation system, spreading outward from the initial forcing
center near the surface. Convective cells produced by these
two gust fronts are advected by the midlevel inflow. In Figure
4.1b, a quasi-stationary upstream gust front occurs near
x = 25 km . A convective system is advected downstream by
the background wind. This convective system is formed by the
convective cells generated at the gust fronts. In Figure 4.1c,
both the upstream gust front and the convective cells propagate
downstream by the strong basic wind.
For a conditionally unstable airflow over a mesoscale
mountain, three moist flow regimes may be identified: (I)
upstream propagating convective system, (II) stationary
convective system, and (III) both stationary and downstream
propagating systems. Figure 4.2 illustrates the time evolution
of rainwater content at the height of σ = 1 km and the
horizontal wind speed for a case with Fw = 0.208 (

When Fw increases to 0.354 ( U = 4.25 ms −1 ; Fig. 4.2b),
the density current becomes quasi-stationary. Both propagating
and growing modes found in multicell storm (Lin et al. 1998)
are present in this case. The overall convective system is
maintained by a balance between the orographic forcing and
the density current forcing. This flow regime is classified as
the quasi-stationary convective system regime (Regime II) by
Chu and Lin (2000). In this flow regime, the stationary
convective system may be able to produce heavy accumulated
rainfall from individual convective cells propagating in the
vicinity of the mountain peak. Note that the strongest
convective cells are located near the mountain peak, while
those produced by the density current upstream are very weak
at their earlier stage. When Fw increases to 0.833 (
U = 10 ms −1 ), the generation and propagation of the
convective system (Fig. 4.2c) are significantly different from
previous two flow regimes (Figs. 4.2a and b).
This flow
regime is classified by Chu and Lin (2000) as Regime III,
which possesses two quite distinct modes based on the
generation and propagation of the convective systems: the
quasi-stationary system and the downstream propagating
system.
For the stationary convective system, the cell
generation is similar to that of regime II.
Recently, Chen and Lin (2003) have extended the work of
Chu and Lin (2000) to include a three-dimensional mountain
and rotation. They adopted the definition of the moist BruntVaisala (buoyancy) frequency as N w2 = ( g / θ v )(∂θ v / ∂z ) as
proposed by Emanuel (1994) for unsaturated moist air. Thus,
based on this definition, the Brunt-Vaisala frequency should be
measured from a sounding far upstream from the mountain,
assuming no clouds formed yet. Chen and Lin (2003) found
that heavy upslope rainfall might be produced in the presence
of a LLJ under regimes II and III, more in line with
observations. Note that, in addition to the presence of a LLJ, it
appears that some other synoptic and mesoscale features may

U = 2.5 ms −1 ). In this case, the overall convective system is
able to propagate upstream of the mountain. The embedded,
individual convective cells are generated over the upslope,
which then propagate downstream once they form. This case
is classified by Chu and Lin (2000) as the upstream
propagating flow regime (Regime I), since the new cells are
still being generated by the gust front updraft that moves
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also play important roles in controlling the generation of heavy
orographic rain.

understand the dynamics and the prediction of the precipitation
distribution directly initiated by the orographic lifting, instead
of the prediction of total amount of orographic precipitation.
Besides the ingredients included in Eq. (4.8), a conditionally or
potentially unstable airstream is also needed to help trigger
deep convection (e.g. Doswell et al. 1996). Based on these
arguments, Lin et al. (2001) proposed that heavy orographic
rainfall requires significant contributions from any combination
of the following common ingredients:
(1) high precipitation efficiency of the incoming
airstream (large E),
(2) an intense low-level jet (large VH ),

4.2 Some Common Ingredients for Producing Heavy
Orographic Precipitation
From Section 3, it appears that there exist some common
synoptic and mesoscale environments conducive to heavy
orographic rainfall in the US, Alps, Taiwan and Japan.
Following Alpert (1986), Doswell et al. (1996), and Lin et al.
(2001), the total precipitation ( P ) is determined by average
rainfall rate ( R ) and the duration ( D ),
(4.1)
P = RD .
The rainfall rate can then be determined by the precipitation
efficiency, E, and the vertical moisture flux, wq,
(4.2)
R = E ( ρ / ρ w ) ( wq) ,

(3) steep orography (large ∇h ),
(4) favorable (i.e. concave) mountain geometry and a
confluent flow field, (large VH ⋅ ∇h ),
(5) strong synoptically forced upward vertical motion
(large wenv),
(6) a high moisture flow upstream (large q),
(7) the presence of a large, pre-existing convective
system (large L)s,
(8) slow (impeded) movement of the convective system
(small c s ), and
(9) a conditionally or convectively (potentially) unstable
low-level flow.
The precipitation efficiency may be controlled by several
different factors, such as the advection of hydrometeors,
evaporation associated with rainfall below the cloud base,
entrainment rate of environmental air into the cloud,
environment wind shear, etc. (e.g. see Fankhauser 1988 for a
review). Doswell et al. (1996) argued that precipitation
efficiency typically is not an important issue unless there is
reason to believe that it will be unusually low, such as that
might be the case for high-based convection, e.g. over much of
the interior US Rockies. However, in addition to the total
rainfall amount, the location of the maximum rainfall is also
highly related to the precipitation efficiency and timescale of
hydrometeor generation, and the downstream advection of
those hydrometeors (e.g. Sawyer 1956; Smith 1979). The
moisture content may be represented either by the water vapor
mixing ratio or by the amount of precipitable water in a
vertical column of air. The second ingredient, i.e. existence of
a LLJ has been found in numerous cases. The above common
ingredients for heavy orographic precipitation appear to be
consistent with the factors responsible for enhancing
precipitation in the seeder-feeder mechanism, as discussed in
section 2.1.
Thus, the common synoptic and mesoscale conditions
conducive to heavy orographic rainfall over US and Alpine
mountains, as discussed in Section 3, belong to a subset of the
above listed common ingredients. Although a high CAPE is
not consistently observed for US and Alpine heavy orographic
precipitation events (based on sounding data), this remains to
be investigated due to the highly inherent temporal and spatial
variations typically associated with such data. However, using
soundings farther upstream of the Alpine southern slopes, such
as at Gagliari on Sardinia, the CAPE is much larger than those
observed in the Po Valley, such as at Milan (Stein 2001). For
Alpine and Taiwan heavy orographic rainfall events, which
often start in a concave region, mesoscale vertical motion may
be produced if there exists incoming confluent flow as
indicated by ingredient (4). Similarly, the common synoptic

where ρ w is the liquid water density, ρ and q are the lower
moist layer average air density and the water vapor mixing
ratio. Substituting Eq. (4.2) into Eq. (4.1) leads to
(4.3)
P = E ( ρ / ρ w )( wq) D .
The duration of heavy rainfall may be estimated by
(4.4)
D = Ls / cs ,
where Ls and cs are the horizontal scale of the convective
system and its propagation speed in the direction of the system
movement, respectively. Combining Eqs. (4.3) and (4.4) yields
(4.5)
P = E ( ρ / ρ w )( wq)( Ls / cs ) .
Thus, if any combination of the factors on the right hand side is
large, then there is a potential for heavy rainfall. Based on Eq.
(4.5), Doswell et al. (1996) proposed the essential ingredients
for flash floods over a flat surface. For flow over a mountain
range, the low-level upward vertical motion may be controlled
by either orography or the environment (e.g. uppertropospheric divergence induced upward motion),
(4.6)
w = woro + wenv .
The orographically-forced upward vertical motion may be
roughly estimated by the lower boundary condition for flow
over orographic terrain (e.g. Smith 1979)
Dh
(4.7)
woro =
= VH ⋅ ∇h ,
Dt
where h(x,y) is the mountain geometry and VH is the total
low-level horizontal wind velocity. Similar forms of Eq. (4.7)
have been proposed in different studies (Alpert 1986; Sinclair
1993; Doswell et al. 1998; Lin et al. 2001).
The
environmentally-forced upward vertical motion ( wenv ) may be
determined by the transient synoptic setting, such as the
divergence associated with an approaching trough in the US
and Alpine orographic flooding cases, as reviewed in section 3,
and conditional or convective instabilities, etc. Combining
Eqs. (4.5)-(4.7) gives
(4.8)
P = E ( ρ / ρ w ) [VH ⋅ ∇h + wenv ] q ( Ls / cs ) .
It is important to mention that in general, w may not
simply be partitioned into environmentally and orographically
forced parts, since they interact with each other nonlinearly.
For example, the wenv associated with the release of
conditional and convective instability requires a finiteamplitude orographically-induced upward motion. Thus, the
partitioning of w into woro and wenv may be used to help
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and mesoscale conditions found in Taiwanese and Japanese
cases can be explained by the common ingredient argument, as
discussed above. Note that the typhoons and stationary fronts
play the role of quasi-stationary synoptic systems in the
Taiwanese and Japanese cases, respectively, to slow the
movement of the convective system over the mountains. In
both these cases, the incoming airstream was maritime in
nature, and able to obtain a high content of moisture and high
values of CAPE. This may also explain why no midtropospheric trough is needed to enhance the low-level upward
vertical motion, such as that observed in both the US and
Alpine cases.
Lin et al. (2001) have also applied the above common
ingredients argument to events occurring in other regions or
locations around the world, such as that on the South Island in
New Zealand on 27 December 1989 (Katzfey 1995), the
Sichuan flood in China from 11-15 July 1981 (Kuo et al. 1986),
and monsoon rainfall on the Western Ghats of India and the
Eastern Arabian Sea from 23 to 25 June 1979. In the Indian
heavy rainfall case, in addition to the importance of the
interaction between latent heating and the basic flow (e.g.,
Smith and Lin, 1983), Ogura and Yoshizaki (1988) found that
the presence of a strong low-level westerly jet, sheared
environment, and latent and sensible heat fluxes from the ocean
are essential. For this particular case, the wind reversal level or
critical level to force the convective system to become
stationary, which maximizes the vertical motion generated by
the latent heating in the vicinity of the critical level (Lin 1987)
and helps anchor the convective system to the upstream side of
the Western Ghats, instead of being advected over to the
plateau.
Similar to Alpert (1986), Lin et al. (2001) proposed that
U (∂h / ∂x ) q might serve as an index for predicting heavy
orographic precipitation. For the Taiwanese and Japanese
cases, it has a relatively high value (e.g. > 6) and the proposed
index is roughly proportional to the observed maximum rainfall
rates. For the US cases, it appears that the index has a lower
value(>2.7). With wenv included, the index should be able to
reach a higher value (comparable to those estimated for the
Taiwanese and Japanese cases). For Alpine events, the index is
> 4.7 (except for the South Ticino case). Therefore, this
proposed index might help provide additionally valuable
information for helping to predict the occurrence of upstream
heavy orographic rainfall events. A more complete index may
provide additional information in forecasting heavy orographic
rainfall, especially with the help from finer-resolution
numerical model data.
In fact, part of Eq. (4.8) can be used to help predict the
precipitation distribution directly initiated by the mountain,
such as ( ρ / ρ w ) [V H ⋅ ∇h ] q D , which may be called the
orographic moisture flux (Lin et al. 2002, 2003). If the square
parenthesis term is replaced by the actual w , then it may be
called the general moisture flux. Due to the lack of data, the
predicted fields from a mesoscale model can be used. Figure
4.3a shows the accumulated 3-h rainfall for 9/20/12-15UTC
1999 during the MAP IOP-2B heavy orographic rainfall event.
Figure 4.3b shows the total precipitation (in mm) for the same
period as of Fig. 4.3a simulated by MM5 with 5-km resolution
(Lin et al. 2003). The model overpredicted the rainfall
intensity, i.e. 68 mm versus observed amount of about 40 mm,
possibly due to a combination of inaccurate cumulus and

microphysical parameterization schemes.
The simulated
rainfall distribution is reasonably accurate except near the
southern end of the French Alps. Figure 4.3c shows the rainfall
distribution predicted by the flux model using the orographic
moisture flux, (V H ⋅ ∇h) q at 9/20/12UTC. The horizontal
resolution is 5 km and the predicted fields are valid at
9/20/12UTC 1999. From the figure, it can be seen that the
horizontal distribution of the rainfall (Fig. 4.3c) compares fairly
well with 3-h observed rainfall (Fig. 4.3a) and model predicted
rainfall distribution (Fig. 4.3b). Figure 4.3d shows the rainfall
distribution predicted by the flux model with the general
vertical moisture flux, wq . Both the general and orographic
moisture fluxes seem to be able to capture the rainfall
distribution, even with very simple dynamics. A significant
amount of rainfall is produced by the convection associated
with the release of conditional and convective instabilities, thus
the forecast of precipitation amount has to rely on model
prediction.
5. Summary and Discussions
In this paper, we have reviewed some observational,
theoretical and numerical studies of orographic precipitation.
The earliest theory of orographic precipitation is the stable
ascent mechanism. It was challenged by the observations of
heavy orographic rain over small hills and convective
orographic precipitation over higher mountains. The seederfeeder mechanism was then proposed to explain the heavy
orographic rainfall over small hills. The growth of convective
clouds over higher mountains has also received considerable
attention. In addition to the seeder-feeder mechanism, it was
proposed by some earlier studies that the heavy rainfall might
be associated with orographic convective systems, which are
induced by potential instability through local orographic lifting.
With more advanced and accurate observational instruments,
more field experiments have been proposed to investigate
orographic precipitation. These measurements, along with
more advanced analysis techniques, have helped our
understanding of orographic precipitation, especially of
orographic convective systems, in the last two decades. There
were a number of authors who have theoretically studied the
problem of moist airflow over mountains. These studies have
helped explain some important observed features of orographic
rain. In applying the mathematical solutions of thermal forcing
to orographic rain problem, some flow disturbances can be
explained by wave-CISK mechanism.
Numerical modeling simulations provide a powerful
technique for studying orographic rain problem, which is much
less restrictive compared with theoretical and observational
approaches. The numerical models used for simulating
orographic precipitation have been developed concurrently
with those used in simulating other weather phenomena. One
major improvement in numerically simulating the orographic
precipitation was the bulk parameterization of the cloud
microphysical processes with ice phase included. Major
advancements in numerical modeling of orographic
precipitation in the 1970's and 1980's have also benefited from
the improvements in supercomputing power and numerical
techniques. These improvements make it possible to do some
detailed and more realistic simulations of orographic
precipitation. In the 1990's, the major advancements include
improvements on initialization and data assimilation

79

techniques, and better observational networks, which made the
real-time simulations possible.
In this study, we have also reviewed some common
synoptic and mesoscale environmental features conducive to
heavy orographic rainfall events in various parts of the world.
The following common features are observed: (1) a
conditionally or potentially unstable airstream impinging on the
mountains, (2) the presence of a very moist and moderate to
intense LLJ, (3) the presence of steep orography to help release
the conditional or convective instability, and (4) the presence of
a quasi-stationary synoptic scale system. Based on an
ingredient argument, a previous study found that heavy
orographic rainfall requires significant contributions from any
combination of the following common ingredients: (1) high
precipitation efficiency of the incoming airstream, (2) the
presence of a moist, moderate to intense LLJ, (3) steep
orography to help release the instability, (4) favorable (e.g.
concave) mountain geometry and a confluent flow field, (5)
strong environmentally forced upward vertical motion, (6) the
presence of a high moisture flow upstream, (7) a pre-existing
large scale convective system, (8) slow (impeded) movement of
the orographically-induced convective system, and (9) a
conditionally or potentially unstable upstream airflow. It
appears an index, U (∂h / ∂x ) q , can be used to help predict the
occurrence of heavy orographic rainfall.
For a two-dimensional conditionally unstable airflow over
a mesoscale mountain, three moist flow regimes were identified
in earlier studies: (I) upstream propagating convective system,
(II) stationary convective system, and (III) both stationary and
downstream propagating systems. These moist flow regimes
were based on a moist Froude number. They also help explain
the generation and propagation of some observed features of
mesoscale convective systems triggered by orography. For a
three-dimensional flow with rotation, a previous study
indicated that heavy upslope rainfall might be produced in the
presence of a LLJ under regimes II and III, which is more in
line with observations.
Even though some significant advancement in numerical
modeling has been made in the last several decades,
quantitative precipitation forecasting of orographic rain
remains challenging. The following are problems that might
need to be studied further in order to improve the quantitative
precipitation forecast of orographic rain: (1) Effects of ice
phase in orographic precipitation; (2) Interaction of
microphysical processes and dynamic forcing; (3)
Improvement of cumulus parameterization schemes in
numerical models to be more universal, instead of too sensitive
to environments and grid intervals; (4) Improvements in
microphysical parameterization schemes to be less sensitive to
weather systems; (5) Initialization of the orographic
precipitation system and its environment; (6) control
parameters of the formation, propagation, and scales of cellular
convection embedded in upslope orographic precipitation
system, such as MAP IOP-2B and 3 (Houze 2001); (7) Relative
importance of conditional instability and convective instability
in orographic convective systems; (8) effects of air-sea
interaction on orographic precipitation for mountains close to
coast, such as the Alps, coastal mountain range in California,
Western Ghats in India, mountains in New Zealand, Japan, and
Taiwan, etc.; (9) grid resolution and structure (Bacon et al.,
2000); and (10) Coupling of upper- and lower-level forcing,
among other problems.
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Fig. 1.1: Annually averaged rainfall distribution over Andes in
South America. (From Espenshade et al. 1990)
Fig. 1.4: Orographic cumulus or thunderstorm formed by (a)
thermal forcing, (b) orographic lifting, and (c) converging
of split flow due to upstream blocking. (Adapted after
Banta 1990)

Fig. 1.2: Evolution of rainfall distribution over the hills of
South Wales on 5 December 1972. The mesoscale
precipitation system propagates to the east in this case,
associated with the passage of warm and cold fronts.
(Adapted from Browning et al. 1974).

Fig. 2.1: Photogrammetric tracing of orographic cumuli on 8
August 1963. Cloud positions over the Santa Catalinas.
Clouds are plotted during several minutes at the beginning
of the analysis period and at a later time in the cumulus
development when the ridges (in dashed lines) have been
covered. (After Orville 1965a)

Fig. 1.3: A sketch of the formation mechanisms of orographic
precipitation: (a) Stable ascent over large mountains, (b)
convective precipitating system, and (c) orographic rain
over small hills by seeder-feeder mechanism. (Adapted
from Smith 1979 and Chu and Lin 2000).

Fig. 2.2: Several tracings of the orographic cumuli on 8 August
1963 made from the 9x9 inch film negatives are shown.
(After Orville 1965a)
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Fig. 2.3: Echo frequency for all year in the southwesterly wind
cases over four summers of 1967-70. Dashed curves
denote the height contours (in feet) of the orography.
(After Kuo and Orville 1965a)

Fig. 2.6: Similar to Fig. 2.5 except with cloud water included
(shaded). (Adapted from Orville 1965)

Fig. 2.4: (a) Vertical displacement of a hydrostatic adiabatic
flow over a bell-shaped mountain. (b) Hydrostatic flow
responds to combined thermal, which represents a
precipitating orographic cloud, and orographic forcing.
(Adapted after Smith and Lin 1982)
Fig. 2.7: Development and propagation of an orographic
culumus cloud. The field of streamlines (dashed),
potential temperature (solid; deviations from 296 K ) and
water vapor (dot-dashed isohumes; in gm kg −1 ) at (a) 125
min and (b) 134 min. The cloud is shaded. (From Orville
1968)

Fig. 2.8: A rainstorm simulated by Orville and Sloan (1970a).
Fig. 2.5: Evolution of potential temperature field, expressed as

The rainwater content exceeding 1 gm kg −1 is shaded.

deviations above reference state Θ , (solid lines in o C )
and streamfunction (dashed lines) for upslope simulation
with no initial bubble. (Adapted after Orville 1964)
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Fig. 3.1: Idealized schematic of the synoptic and mesoscale
conditions conducive to heavy orographic rainfall. Shown
are the threat region (star), 500-hPa height pattern (dotted
lines), mountains (shaded), and typical wind profile above
the threat region. (After Pontrelli et al., 1999)
Fig. 3.4: Accumulated rainfall (in mm) over Taiwan from
00UTC 6 August to 00UTC 7 August 1999. (From Lin et
al. 2001)

Fig. 3.5: NCEP reanalysis data over East Asia valid at 12UTC
6 August 1999 for vector wind ( ms −1 ) and geopotential
height at (a) 700 hPa and (b) 300 hPa (From Lin et al.
2001)

Fig. 3.2: Observed 12-h rainfall accumulations ending at: (a)
00UTC and (b) 12UTC 20 September 1999 for the MAP
IOP-2 heavy rainfall event. (From Lin et al. 2001)

Fig. 3.6: (a) Synoptic situation at 12UTC (21LST) 29 August
1974 depicted by 850 hPa map around Japan Islands.
The solid and dashed lines represent geopotential height
and temperature contours, respectively. (b) Daily amount
of precipitation. The hatched and cross-hatched shadings
depict the areas higher than 500 m and 1000 m,
respectively. (After Sakakibara 1979)
Fig.

3.3: NCEP reanalysis fields for MAP IOP-2B
at9/20/00UTC 20 September 1999: (a) surface, and (b)
300 hPa. (From Lin et al. 2001)
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Fig. 3.7: A schematic of a split front with the warm conveyor
belt undergoing forward-sloping ascent. (a) Plan view, (b)
vertical cross section along AB in (a). In (a), UU denotes
the upper-level front. There are five types of precipitation.
See text for details. (After Cotton and Anthes 1989; from
Browning and Monk 1982, and Reynolds and Dennis
1986)
Fig. 4.1: Time evolution of surface wind and the rainwater at
z = 1 km . Rainwater greater than 0.5 g kg −1 is shaded.
Three

cases

U = 9.0 ms
2000)

−1

are

shown:

(a)

; and (c) U = 12.5 ms

−1

U = 2.5 ms −1 ;

(b)

. (From Chu and Lin

Fig. 3.8: Schematic time-height cross-section for a typical
cyclonic storm over the San Juan Mountains of southern
Colorado. The solid lines are lines of constant θ e and the
region of convective instability ( ∂θ e / ∂z < 0 ) is shaded.
The typical 500 mb temperature is shown at the top, which
has a reference temperature of − 23o C . The four stages
of the storm and a typical seeding period are indicated.
(After Cooper and Marwitz 1980)

Fig. 4.2: Time evolution of surface wind (contour lines in –5, 0,
and 5

ms −1 ) and rainwater content (shaded for

≥ 0.5 g kg −1 ) at σ = 1 km for Regime: (a) I, (b) II and (c)
III. The moist Froude numbers ( Fw ) are: (a) 0.208, (b)
0.354, and (c) 0.833. (Adapted from Chu and Lin 2000)

Fig. 3.9: The position of a cold front produced by the different
advection theory proposed by Smith (1982).
.
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Fig. 4.3: (a) Observed 3-h rainfall (in mm) for 1999/9/20/1215UTC during the MAP IOP-2B heavy orographic rainfall
event, (b) same as (a) except simulated by MM5, (c) the
orographic moisture flux ( [VH ⋅ ∇h ] q ) at 12UTC using
MM5 predicted wind and moisture fields, and (d) same as
(c) except for the general moisture flux ( wq ). (From Lin
et al. 2003)
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