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1. INTRODUCTION
Analyses of the flow of air within major river
valleys on the south side of the European Alps,
using ground-based and airborne Doppler radar,
surface, and upper-air data taken in the fall of
1999 during the Mesoscale Alpine Program (MAP)
Special Observing Period (SOP; Bougeault et al.
2001), show that precipitation can strongly modify
the airflow within valleys (Steiner et al. 2003;
Bousquet and Smull 2003a, b; Asencio et al.
2004). Observations made during the MAP SOP
show that during persistent widespread orographic
precipitation events a down-valley drainage flow
can develop underneath an opposite-directed flow
of moist air that is lifted onto the topographic
barrier. Such moist-process-driven drainage flows
may reach a maximum depth limited primarily by
the height of the melting layer and secondarily by
the valley confines. The drainage flow strength
and depth are found to be related to the rainfall
amount, and within the valley appear to be
disconnected from the larger-scale upslope flow
(Steiner et al. 2003).
Idealized simulation experiments have been
carried out using the new Weather Research and
Forecasting (WRF) model (available online at wrfmodel.org) to further a fundamental understanding
of the effect of atmospheric moisture on the flow of
air past a two-dimensional (2D) bell-shaped ridge.
Similarly, three-dimensional (3D) simulations have
been undertaken with a 2D ridge that included a
major valley embedded within. The focus of the
analyses is primarily on the characterization of key
flow and precipitation features observed on the
upstream side of the topographic barrier.

and microphysics packages were used, with all
other physics packages turned off. Simulations
were undertaken with either warm (Kessler 1963)
or mixed warm/cold (Lin et al. 1983) microphysics.
Only the latter results are discussed here. Fifthand third-order momentum and scalar advection
schemes were used in horizontal and vertical
direction, respectively. Open (periodic) boundary
conditions were applied in horizontal direction
perpendicular (parallel) to the mountain ridge.
Rayleigh damping was implemented over the
upper 15 km of the 30 km vertical domain. A
stretched vertical coordinate system was used,
composed of 121 layers. The horizontal domain
covered 402 by 3 (2D) and 402 by 22 (3D) grid
points at 2 km spacing. In order to ensure quasiequilibrium flow conditions, the model integration
was carried out over 15840 time steps at 10 s (i.e.,
44 hours) using a third-order Runge-Kutta
scheme.
The terrain was represented by a 2D bellshaped symmetric ridge with a height of 2500 m
and half-widths of 20 (ridge) and 5 (valley) grid
points, respectively. The simulations were carried
out based on moist neutral soundings (i.e., Brunt2
−4
-2
Vaisala frequency N m = 0.03 ⋅ 10
s ), capped
by an isothermal layer above the tropopause (200
hPa), with a uniform horizontal wind of u = 10 m
-1
s perpendicular to the ridge and zero along-ridge
-1
flow ( v = 0 m s ). Modifications to the soundings
included variations in stability or relative humidity
(from dry to saturated conditions), and shifting the
entire temperature profile by changing the surface
temperature to achieve varying heights of the
freezing level relative to the terrain height.
3. IDEALIZED 2D SIMULATIONS

2. NUMERICAL SIMULATION SETTINGS
The simulations have been carried out using
version 1.3 of the WRF model in Eulerian mass
coordinates (EM core). Only the basic dynamic
∗

The results of 2D simulations show that moist
processes, such as condensation, melting, and
evaporation, significantly alter the thermodynamic
stratification and stability of the atmosphere, and
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thus modify a flow pattern obtained otherwise
based on dry conditions. For example, latent heat
released by condensation tends to decrease the
thermodynamic stability and thus ease an air
parcel to cross over a topographic barrier. Melting
and evaporation, on the other hand, result in a
cooling of the air that causes subsidence and thus
yields increased stability.
A horizontal flow characterized by a saturated
moist neutral sounding may surmount a 2500 m
high 2D mountain with little flow retardation effect
below the crest (Fig. 1 top), while a flow based on
a corresponding dry atmosphere is significantly
blocked (Fig. 2 top). Increasing the atmospheric
stability increases the blocking effect particularly
for the saturated moist (Fig. 1 middle and bottom)
but less so for the dry (Fig. 2 middle and bottom)
simulations. Comparing Fig. 1 (bottom) with Fig. 2
(top) shows that the Brunt-Vaisala frequency has
to be approximately five times as large for a
saturated moist flow to achieve a comparable
blocking effect than for a dry flow over the same
topographic barrier (i.e., N m ~ 5 N d ).
Alternatively, decreasing the relative humidity
of the atmosphere below saturation results in
blocking signatures that resemble those of the
increased stability simulations (Fig. 1), as shown
in Fig. 3. This result is the consequence of a
reduced latent heat release to the atmosphere
(less moisture available for condensation) and an
increasing effect of evaporation of precipitation
particles, which tend to increase the atmospheric
stability.
The atmospheric stability of moist flow past
terrain affects not only the flow patters but also the
spatial distribution and amount of rainfall, as
visualized by Figs. 1 and 3, and summarized in
Table 1. For example, peak rainfall accumulations
are typically found over the mountain slope (i.e.,
below the crest). Increased blocking effects yield
smaller uplift of air and thus reduced amounts of
rainfall. The accumulation also drops rapidly with
decreasing degree of atmospheric saturation.
These results are consistent with those of Colle
(2004).
The flow past a 2D bell-shaped mountain and
the resulting rainfall depend also on the surface
temperature, as shown in Fig. 4 and Table 1.
Warmer air may hold more moisture that yields
increased rainfall amounts. Flow blocking effects
appear to become noticeable particularly once the
freezing level sinks below the height of the
mountain crest, which tends to trap the air that has
been cooled by the melting and evaporation of

falling precipitation particles to the upstream side
of the mountain.
The primary difference between simulations
with mountain half width of 5 and 20 grid points,
respectively, is the significantly increased uplift of
air immediately above the mountain slope for the
narrower mountain, which results in larger rainfall
accumulations, as shown in Table 2. In addition,
the narrower mountain exhibits slightly increased
upstream blocking effects.
Table 1. Horizontal wind speed at grid point 120
-1
and 400 m altitude (column D; m s ), maximum
rainfall accumulation (column F; mm) and its grid
point (column E) for various combinations of
-4 -2
atmospheric stability (column A; 10 s ), surface
temperature (column B; ° K), and relative humidity
(column C). Results are for 44 h simulations with
a 2D mountain half width of 20 grid points.
A
B
C
D
E
F
0.03
288
100%
11.1
188
261.7
0.15
288
100%
9.6
189
215.8
0.75
288
100%
-0.5
194
40.3
0.03
288
0%
-0.5
0.15
288
0%
-0.8
0.75
288
0%
-0.5
0.03
288
90%
7.0
185
157.1
0.03
288
80%
2.6
190
86.7
0.03
288
70%
0.7
190
71.0
0.03
278
100%
8.6
189
155.3
0.03
283
100%
9.4
189
214.8
0.03
293
100%
10.5
190
269.0
0.03
298
100%
10.0
191
344.6
0.03
303
100%
10.8
267
379.7
Table 2. Same as Table 1, except for simulations
with a 2D mountain half width of 5 grid points.
A
B
C
D
E
F
0.03
288
100%
9.6
197
650.1
0.15
288
100%
9.4
198
541.4
0.75
288
100%
-1.3
199
41.6
0.03
288
0%
-1.3
0.15
288
0%
-1.2
0.75
288
0%
-1.2
0.03
288
90%
7.6
194
412.8
0.03
288
80%
-0.3
199
128.8
0.03
288
70%
-0.7
199
87.6
0.03
278
100%
9.4
198
422.1
0.03
283
100%
9.4
197
589.1
0.03
293
100%
9.9
198
750.7
0.03
298
100%
9.6
198
959.3
0.03
303
100%
9.7
198
533.3
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VARYING STABILITY (MOIST)

VARYING STABILITY (DRY)

Fig. 1. WRF model simulations of the horizontal
flow field (in color) and rainfall accumulation (solid
line) past a 2D mountain based on a surface
temperature of 288° K and soundings of a varying
degree
of
stability:
moist
neutral
with
N m2 = 0.03 ⋅ 10 −4 s-2 (top), N m2 = 0.15 ⋅ 10 −4 s-2
−4
2
-2
(middle), and N m = 0.75 ⋅ 10
s
(bottom).
Results are for Lin et al. (1983) ice microphysics.
The axes are grid points in horizontal and
hectometers (cm for rain) in vertical direction.

Fig. 2. WRF model simulations of the horizontal
flow field (in color) past a 2D mountain based on a
surface temperature of 288° K and soundings of a
varying degree of stability: moist neutral with
N m2 = 0.03 ⋅ 10 −4 s-2 (top), N m2 = 0.15 ⋅ 10 −4 s-2
−4
2
-2
(middle), and N m = 0.75 ⋅ 10 s (bottom). The
simulations are with all moisture removed (dry).
The axes are grid points in horizontal and
hectometers in vertical direction.
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VARYING SATURATION

VARYING SURFACE TEMPERATURE

Fig. 3. WRF model simulations of the horizontal
flow field (in color) and rainfall accumulation (solid
line) past a 2D mountain based on a surface
temperature of 288° K and a moist neutral
sounding with 100% (top), 90% (middle), and 80%
(bottom) saturation. Results are for Lin et al.
(1983) ice microphysics. The axes are grid points
in horizontal and hectometers (cm for rain) in
vertical direction.

Fig. 4. WRF model simulations of the horizontal
flow field (in color) and rainfall accumulation (solid
line) past a 2D mountain based on a saturated
moist neutral sounding and surface temperatures
of 288° K (top), 283° K (middle), and 278° K
(bottom). Results are for Lin et al. (1983) ice
microphysics.
The axes are grid points in
horizontal and hectometers (cm for rain) in vertical
direction.
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4. IDEALIZED 3D SIMULATIONS
Building on the 2D analyses discussed before,
fully 3D simulations have been carried out for flow
over topography that contained a major valley
embedded within an otherwise straight ridge, as
depicted in Fig. 5. The mountain half widths are
20 and 5 grid points for the ridge and valley,
respectively, with linearly sloping valley sidewalls.

Fig. 5. Topography used for the WRF model
simulations. The terrain height is shown in colors.
The axes are grid points.
Figure 6 shows vertical cross sections of the
along-domain flow field after 20 h of simulation at
the edge (ridge) and center (valley) of the domain.
There are significant differences between the 3D
(shown in colors) and 2D simulations, as indicated
by the contours. The upslope flow in the 3D
simulation is stronger above the terrain slope,
especially so within the valley. A horizontal flow
convergence is found over the valley’s sidewalls
near the crest of the mountain (top panel of Fig.
7), causing enhanced updrafts. This couplet of
updrafts, as depicted in Fig. 8, is responsible for
the rainfall distribution shown in the bottom panel
of Fig. 7. Subsidence occurs over the center of
the valley that suppresses precipitation formation
but also enhances the down-slope and downvalley flow seen in Fig. 6 (bottom panel). Although
the simulation hasn’t reached steady state yet
after 20 h, it appears as if the blocked and
reversing flow within the valley confines forms a
cushion of air that tends to fill the gap created
within the ridge by the valley. Such a feature is
not seen in the corresponding 2D simulations.

Fig. 6. WRF model simulations of the alongdomain flow field (in color) past the terrain shown
in Fig. 5 and difference between the 3D and 2D
simulations (in contours) based on a saturated
moist neutral sounding and surface temperatures
of 288° K. Results are shown at the edge of the
domain (top panel) and in the center of the valley
(bottom panel) after 20 hrs of simulation with the
Lin et al. (1983) ice microphysics. The axes are
grid points in horizontal and hectometers in
vertical direction.
5. SUMMARY
Simulations using the new Weather Research
and Forecasting (WRF) model show that moist
processes have a profound effect on flow past 2D
bell-shaped mountains and 3D ridges containing a
major embedded valley. Effects of atmospheric
stability, degree of saturation, and freezing level
height have been investigated from a perspective
of the flow upstream of a topographic barrier.
Simulations based on major valleys embedded
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within otherwise straight ridges highlight significant
3D effects on the flow past the terrain that
determine the spatial rainfall distribution. The
reverse flow seen within a valley is markedly
different from a flow that would be observed for a
2D ridge with the same half width as the terrain at
the upper end of the valley.
Additional analyses have to be carried out to
further digest these simulations, and also to study
the effect of the valley geometry in the flow and
spatial rainfall distribution.
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Fig. 7. WRF model simulations of the horizontal
flow field at 1500 m (top panel) and rainfall
accumulation (bottom panel) corresponding to the
results shown in Fig. 6. The axes are grid points.

Fig. 8. Vertical air motions within a vertical cross
section parallel to the ridge at grid point 170 based on
the WRF model simulation depicted in Figs. 6 and 7.
The axes are grid points in horizontal and hectometers
in vertical direction.

