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ABSTRACT

In order to improve our understanding of orographic precipitation processes, a study of a 3-D
flow over and around an isolated, Gaussian shaped mountain, with circular horizontal section,
has been tackled. The effect of moisture is analysed systematically, by estimating the role of
different parameters in the case of a simple stratified flow. The presence of humidity in the
atmosphere can effectively change the flow regime with respect to the dry case, with the same
wind and temperature upstream profiles. The energy exchange due to the release of latent heat
tends, in general, to increase “flow over” an obstacle in detriment of “flow around”. This result
can be interpreted, to a first approximation, as a change in the local value of the Brunt—Viisila
frequency. However, as regards the interpretation of results, questions arise due to the irregular
distribution of saturated portions, particularly downstream, and due to the fact that the volume
of saturated air is a function itself of the flow regime near the obstacle. Some non-linear effects,
such as the formation of upstream blocking and lee vortices, are confined to higher mountains
in comparison with the dry case. The critical adimensional height for wave breaking is also
moved by condensation to higher mountains, since moisture tends to decrease the wave ampli-
tude. An increase of the adimensional height up to a certain value increases the volume of
saturated air and the amount of precipitation; however, the opposite effect occurs for very high

mountains. In general, the drag is strongly reduced in comparison with the dry case.

1. Introduction

The study of orographic moist flows concerns
many different aspects of fluid dynamics in general,
and of mesoscale meteorology in particular, such
as orographic precipitation, drag, orographic
waves, lee vortices. Previous studies on these
subjects have considered mainly idealised 2-D
topographies. Here we examine the problem of
humid flow over an isolated, simply shaped 3-D
mesoscale mountain, by adopting a numerical
approach.
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The understanding of precipitation processes is
fundamental in the effort of improving weather
forecasts over mesoscale mountains. Laboratory
experiments, numerical simulations at ever
increasing resolution, and field experiments using
advanced instruments, are used synergically in
order to shed light on this important subject.

The local control of precipitation is one of the
main ways the orography influences meteoro-
logical conditions. A number of different factors
can influence the distribution and the intensity of
orographic precipitation, such as large scale condi-
tions, the shape and dimensions of the obstacle,
the ground temperature, the vertical profile of
wind, temperature and moisture. A very important
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dynamical role is played by latent heat release,
that, in saturated ascending motion, changes the
stability properties of a stratified atmosphere. In
addition, cooling due to evaporation of precipita-
tion and melting of falling snow can have import-
ant effects on flow properties in the presence of
orography.

Although mountain waves have been widely
studied, the role of humidity on wave dynamics
has been generally neglected. Dry theories have
been able to justify, at least in a partial and
qualitative way, most of the observed phenomena.
Nevertheless, the presence of large cloudy regions
can change flow dynamics significantly (Cotton
and Anthes, 1989): gravity waves depend on the
stability of the atmosphere, that is strongly
reduced if the atmosphere is saturated. Durran
and Klemp (1982a) showed in 2-D numerical
simulations that changes in the upstream moisture
can strongly modify the structure of lee waves.

Moist equations are generally too complex to
be solved with analytical methods, unless moist
processes are approximated in very idealised con-
ditions (Barcilon and Fitzjarrald, 1985; Barcilon
et al., 1979; Fraser et al, 1973; Smith and Lin,
1982). Durran and Klemp (1982b) adopted lin-
earised equations of motion, expressed in the same
form in dry and saturated atmospheres: the effect
of latent heat was included by simply solving dry
equations where cloudy areas were replaced by
dry regions of reduced stability. However, this
equivalence is true only if N, the Brunt—Viisila
frequency, is piecewise constant with height, that
is not correct in the real atmosphere with deep
clouds. The correct expression of the moist value
of N has been calculated by considering the hypo-
thesis that the atmosphere is saturated and by
neglecting precipitation (Lalas and Einaudi, 1974;
Durran and Klemp, 1982b).

As in inviscid dry simulations, the influence of
orography on the flow depends mainly on two
parameters: the adimensional height of the moun-
tain (or the inverse Froude number) H = h,, N/U,
that is the maximum height h_,, divided by the
vertical gravity wave length (2rU/N, where U is a
typical upstream wind speed), and a shape param-
eter f=L,/L,, the ratio between the transversal
and the longitudinal characteristic width of the
obstacle. Dry simulations with the same values of
H and § should exhibit the same regime of fiow.
The presence of humidity introduces a new para-
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meter; however, we will show that its effect can be
interpreted, to some extent, as a change in the
local value of Brunt-Viisdla frequency N.

The energy contribution due to latent heat
release can increase orographic “flow over” in
detriment of “flow around”. So, latent heat can
modify the interaction between flows and moun-
tains and produce interesting effects on the
distribution and the intensity of orographic precip-
itation (Katzfey, 1995; Buzzi and Foschini, 1998,
Buzzi et al., 1998a, b).

The most powerful and flexible approach to the
full 3-D problem is numerical, since it allows the
study of analytically unsolvable problems and a
more complete description of moist processes.
Only 2-D simulations of moist flows have been
presented so far over idealised topography.
Durran and Klemp (1982a) used a non-
hydrostatic, compressible model to integrate
numerically moist equations over a “witch of
Agnesi” shaped mountain and over a realistic
topography, simulating the downslope windstorm
of January 1972 in Colorado. Wind field perturba-
tions turn out to be weaker than in the dry case,
and also the vertical profile of momentum flux is
strongly reduced by humidity. Lilly and Durran
(1983) included a simple parameterization of pre-
cipitation, that does not change in a significant
way the previous moist results. Further 2-D simu-
lations (Jusem and Barcilon, 1985) have stressed
the effect of moisture on the reduction of drag
and on the delay in formation of critical conditions
that produce wave breaking.

The presence of moisture may have interesting
effects on the drag in 3-D cases too, in particular
in parameterizing the mountain drag in global
models, where the orographic drag influences
strongly the zonal circulation. As we will show,
the moist dynamics can change the intensity of
the drag dramatically, at least according to our
idealised simulations.

2. Model characteristics and validation

The simulations presented here have been car-
ried out using a channel version of the BOLAM3
model, that includes a simplified, explicit treatment
of microphysical processes. BOLAM3 (BOlogna
Limited Area Model), developed mainly at CNR-
ISAO (Buzzi et al, 1994; Buzzi and Malguzzi,
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1997; Buzzi and Foschini, 2000), is a meteoro-
logical mesoscale model: its dynamics is based on
hydrostatic primitive equations. The dependent
variables of these equations are wind components
u and v, potential temperature 6, specific humid-
ity g and surface pressure p,, and 5 different
hydrometeors. The horizontal discretization is
based on an Arakawa C-grid. The vertical coordin-
ate is ¢ and the choice of levels has been done in
order to have a better resolution near the ground.
The variables are distributed on a non-uniformly
spaced staggered Lorenz grid. Second-order hori-
zontal and vertical differencing is employed. A
2nd-order, forward-backward, three-dimensional
advective scheme (Malguzzi and Tartaglione,
1999), stable up to Courant number equal 2, and
a split-explicit time scheme, with forward-
backward integration of gravity modes, have been
implemented.

The flow is non-rotating and inviscid, in the
sense that free-slip conditions are applied to the
bottom. However, the presence of internal
diffusion makes the flow not completely inviscid.
A 4th-order horizontal diffusion term, based on a
V4 spatial operator, is added to all the prognostic
equations, except for the tendency of surface
pressure. A second-order divergence diffusion is
included too, with a sponge layer (Klemp and
Lilly, 1978) designed to damp the upward propa-
gating wave energy before it is reflected from the
upper surface. Therefore, the divergence damping
is used with a modulated coefficient, which
increases slowly with height, in order to minimise
reflection that might occur as a consequence of
rapid changes in its amplitude. The damping
coefficient v depends on the level k (increasing
from top to bottom) in the following way:

v=13v,, 1<k<Ss, (1)
NLEV
a(k)—0<5+ )
7 4
v =13y, sinh| =
NLEV
0(6)—0‘(5+ )
4
NLEV
6<k<s5+ ,
4
NLEV
V=1, 5+ <k <NLEV. (3)

The value of v, is set to 0.8 x 10°s™1; NLEV is
the number of c-levels, generally equal to 35. No
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additional dissipating factors are present in the
model.

For the channel version, many different options
of lateral boundary conditions have been
employed: in our simulations, they are prescribed
using a relaxation scheme (Davies, 1976;
Lehmann, 1993) that absorbs internal wave
reflection. Also for the inflow and outflow bound-
aries, an external border of 8 grid points is used
to match the internal fields to the external constant
values. Additional simulations have been carried
out using reflecting lateral boundaries and periodic
conditions at the entrance and at the end of the
channel; however, solutions in the interior do not
change significantly as a function of the boundary
condition type.

Since many different parameters influence the
solutions, we have decided to study flows with
simplified physics: so, surface and boundary layer
processes, radiation and convective parameteriz-
ation are not active in our simulations. A dry
adiabatic adjustment is, however, introduced in
order to produce a gradual adjustment of potential
temperature to a neutral profile in the case of
superadiabatic profiles.

The water cycle is based on five explicit prog-
nostic variables: cloud ice, cloud water, rain, snow
and graupel. Since we are interested in moist and
precipitation effects, such processes are dealt with
in some detail. The most important microphysical
processes are parameterized as a function of the
local thermodynamic variables and the concentra-
tion of condensate, in a way similar, for several
aspects, to the NEM scheme proposed by Schultz
(1995). A semi-Lagrangian scheme for the 3-D
advection and fall of the hydrometeors is
implemented.

Initial conditions are defined through analytical
relationships that calculate 3-D fields on the model
grid, using pressure as vertical coordinate, before
interpolating to sigma coordinates. Wind speed
(U=10ms™!, V=0), dry Brunt-Viisila fre-
quency (N = 1.34 x 1072 s~ !), surface temperature
(T, = 20°C), surface pressure (p, = 1013 hPa at z =
0) are prescribed as initial conditions and are kept
fixed at the entrance of the channel during the
experiments. Values are chosen in such a way that
the atmosphere remains convectively stable,
though close to neutrality, both upstream and
over the obstacle, for most of the cases considered
here, that is with upstream humidity <98%. This
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reflects observed conditions in some events of
heavy orographic precipitation (Buzzi et al,
1998a, b).

In all the standard experiments (except for high-
resolution preliminary tests — see below), we have
used 35 o-levels, while the horizontal distance
between adjacent grid points carrying the same
variable is 15 km. The number of grid points is
139 in the longitudinal direction and 73 in the
latitudinal direction. The channel is wide enough
to avoid that reflections from lateral boundaries
may interfere with the solution near the obstacle.
The value of the time step (120 s, with 30 s for the
integration of gravity mode) assures stability and
convergence to the numerical scheme.

The prescribed orography is Gaussian, with
horizontal circular section:

h= hmax eXp(_(x/L)z - (y/L)Z)’ (4)

and the characteristic length has been fixed to L=
50km. In the range of scales between 10 and
100 km, the flow properties are relatively insensi-
tive to the mountain width (Smith, 1979). This
mountain shape, although does not have the
simple analytical properties of the bell-shaped
mountain used by Smith (1980), has been studied
before. With a Gaussian mountain, the action of
non-linearity in modifying the prediction of linear
theory is emphasised (Smith and Grenas, 1993).
The mountain is introduced impulsively: the vari-
ous techniques used in the literature to insert
topography into models have no consequences on
the results of simulations, after a reasonable time
of integration. Palm (1953) showed that all tran-
sients decay as O(t™!). Therefore, solutions are
shown after all the transitional features have been
advected far downstream. Residual non-stationary
effects can be attributed to unstable features, such
as downstream vortices or upstream propagating
modes (Baines and Hoinka, 1985; Smolarkiewicz
and Rotunno, 1990). In fact, non-stationarity is
an intrinsic property of the flow for this range of
parameters (Smolarkiewicz and Rotunno, 1990).
High mountains and dry flows need a longer time
to obtain quasi-stationary solutions.

Since the upstream values of U and N (dry) are
the same in almost all the simulations, the value
of H is changed mainly by modifying the height
of the mountain.

The BOLAM3 model has been tested and com-
pared with many other mesoscale or limited area
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models in the course of the COMPARE WMO
project. In particular, the model evaluation con-
ducted in “Exercise 2” of COMPARE (Georgelin
et al, 2000) is relevant for the present study,
because in this case the test was conducted on a
well documented case of atmospheric flow over
orography (PYREX project), in the presence of
lee waves and wakes. BOLAM performed better
than the average in reproducing various features
of the flow over the orography, including lee waves
and vortices, at resolutions comparable with the
one employed here.

However, before using confidently our model in
3-D simulations, some specific preliminary tests
have been done. First, the adequacy of the reso-
lution employed has been checked with respect
to the mountain scale, by repeating some of the
dry and moist experiments at higher resolution
(10 km). It turns out that the differences remain
very small if compared to the typical flow per-
turbations we are interested to model. Second, the
effect of internal model dissipation has been con-
sidered, by changing diffusion coefficients in a
range of one order of magnitude around the
typical values used in the experiments. Also in this
case, the characteristics of the equilibrium solu-
tions are only slightly modified and the evolution
times are affected only to a small extent. Third, it
has been verified that mass and energy integrals
remain constant.

Once the internal model parameters have been
tested, an intercomparison with results available
in the literature has been attempted. At first, we
have considered simulations over small amplitude
obstacles (H=0.1). A good agreement in the
intensity of the upstream minimum and the down-
stream maximum of u-wind component can be
observed in comparison with the analytical solu-
tion calculated by Smith (1980) and numerical
solutions obtained by Smith and Grenas (1993)
and Bauer (1997), using respectively the HIRLAM
and RAMS models (Table 1). BOLAMS3 preserves
better the fore-after symmetry in the amplitude of
the perturbation of the velocity component in the
along-channel direction, even if, as for the other
models, such values are, in absolute value, larger
than the analytical ones.

Another comparison has been made with other
models results, but for a weakly non-linear regime.
Also in this case, solutions are very similar: the
values of the three extremes of u-wind component,
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Table 1. Comparative table of the extreme values of the u-component of velocity and corresponding
perturbations (ms™!) obtained analytically and with different models, as regards a small amplitude obstacle

(H=0.1)
Analytical (Smith, 80) BOLAM3 Smith-Grenas Bauer (RAMS)
Upstream min 9.62 9.55 9.54 9.57
—0.38 —045 —0.46 —~0.43
Downstream max 10.38 10.45 10.44 10.48
+0.38 +0.45 +0.44 +0.48

typical of gravity waves, are close to each other
(Table 2). The drag, normalised with the analytical
value, for this height is equal in our case to 1.14
and is close to the value given by the other two
models (1.11).

3. Dry and meist simulations

Since our main objective is a better understand-
ing of the dynamics of orographic precipitation,
we are mainly interested in studying regions
located upstream and immediately downstream
of the obstacle (see also Smolarkiewicz and
Rotunno, 1990).

In this section, moist solutions, as a function of
different flow regimes, are compared with the
respective dry cases. Moist solutions described in
this section are obtained in an atmosphere where
the content of relative humidity is prescribed
upstream to 98%, constant up to the tropopause.
For simulations with the same vertical profiles of
wind, static stability and relative humidity, temper-
ature can effectively modify solutions if condensa-
tion takes place, since it controls the absolute
humidity and then the amount of latent heat that
can be released. Therefore, in the experiments
described below, the same upstream temperature
profile has been prescribed.

3.1. Linear and quasi-linear regimes

For very low mountains (H <0.1), moist solu-
tions show the same structure of dry gravity waves,
since, in this case, the air flows completely over
the mountain in both dry and moist situations,
and the extension of cloudy areas is very limited.

By increasing H to about 0.5 (not shown), the
intensity of wind perturbations becomes larger,
but the presence of humidity changes the position
of speed extremes with respect to the dry case: the
downstream maximum is not found near the
ground anymore, but is displaced over and imme-
diately out of the upstream saturated region above
the obstacle. The upstream minimum, still near
the ground, is found just upwind of the saturated
area. Moreover, the intensity of perturbations
becomes larger in the dry case than in the moist
one, as a consequence of the fact that, in atmo-
spheres with upstream constant N and U, hori-
zontal wind speed perturbations are proportional
to N (Durran and Klemp, 1983). However, N is
not reduced everywhere, but only in saturated
regions, and this makes the interpretation of
results not so straightforward. The effect of latent
heat reduces the perturbations of temperature as
well, especially upstream and at the lowest levels.
In agreement with observations (Houze, 1993), a
cloud appears upstream; another cloud, placed

Table 2. Comparative table of the extreme values of the u-component of velocity (ms™') obtained with

different models, in a weakly non-linear regime (H =

0.5)

BOLAM3 Smith-Grenas Bauer (RAMS)
Upstream min (H =0.5) 7.8 78 7.7
Downstream max (H =0.5) 12.8 13.0 12.9
Downstream min (H =0.5) 8.0 7.6 7.5
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downstream, may be amplified in our case by the
high upper level amount of humidity used in the
simulations.

A further increase in H up to 1.0 emphasises
the differences between the dry and moist cases.
The comparison of Fig. 1 and Fig. 2 shows that
a larger amount of air flows over the obstacle in
the moist case, because of the larger upstream
blocking in the dry case. In fact, the contour

M. M. MIGLIETTA AND A, BUZZI

corresponding to the ambient wind speed (10 m/s)
is shifted upstream in Fig. 2 with respect to Fig. 1,
so that the flow at every point at the lowest sigma
level across a line through the crest parallel to the
y-axis is everywhere stronger in the moist case
than in the dry case. Fig. 3 shows that, in the dry
situation, the stronger non-linearity of the obstacle
raises the slope of the streamlines, but no wave
breaking is yet observed. A secondary downstream

T T T T T T T T T TR T T T T T T T T T AT T T T T T T T T
600 & 3
= E ﬁi

o BLLti STARNaNRTARRANRRRI RNRERNRURE YRNANARNRT INNRRNINC:,
w : E
0 600 1200

X(km)

Fig. 1. H=1.0, dry case: U at the lowest sigma surface after 20 h. Contour interval is 1 m/s. Only a portion of the
actual domain is shown: the extreme 120 km in the northern, western, southern parts of the channel, and the eastern

one third of the channel are omitted in the figure.
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Fig. 2. As Fig. 1, but for the moist case (rh = 98%).
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Fig.3. H=1.0, dry case: vertical cross-section of 6, (=6) and wind velocity along the central axis of the
channel. Contour interval of 6, is 2 K. The longitudinal extension of the domain is the same as Fig. 1. The upper

part of the domain is not shown.

speed minimum is related to the extension to the
ground of the upper minimum.

The moist solution is not very sensitive to the
specific value of H: the flow regime does not
change in a range of values around H=1.0
(Fig. 4). The differences between the dry and moist
cases are mainly due to the extension of the cloudy
areas, as shown in Fig. 5.

H, that depends on the dry value of N, is no
more the only parameter that controls the flow in
the moist case, since the flow regime in the wide
condensed regions is dominated by the local value
of the moist Brunt—Viisdla frequency N,, (Lalas
and Einaudi, 1974; Durran and Klemp, 1982b).
We consider here the expression for N,,, that was
proposed by Durran and Klemp (1982b) as a very
good approximation to the exact form:

1+ (Lg,/RT) dinf dg
2 _ s
"= el RO\ dz TG
dq.
—g (5)

where g is the gravitational acceleration, L the
latent heat of vaporisation, T the absolute temper-
ature, g, the saturation mixing ratio, ¢, the total
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water mixing ratio (sum of g, and of the liquid
water mixing ratio), R the dry air gas constant,
¢ the rate between R and the gas constant for
moist air, ¢, the heat capacity of dry air.

Fig. 6 shows N, on a vertical cross-section
through the central axis of the channel. Two
regions of minimum, but positive, N,, appear near
the mountain. The first one is located immediately
upstream and over the top of the obstacle and
corresponds to a region of condensation. The
situation is completely different from the dry case
(Fig. 7), in which a region of higher stability is
observed in the region above the mountain, due
to the shrinking of the isentropic surfaces. The
second region of low stability in the moist case is
located immediately downstream, and can be sep-
arated into two different sub-regions: one is due
to condensation in the downstream cloud, the
other is related to the steepening of the isentropes
in the descent of dry air from the top of the
mountain.

Since the horizontal wavelength is unchanged
and the vertical one, inversely proportional to N,
is reduced, the pattern results steeper than in
the dry case, and the phase shift is diminished,
as observed in 2-D simulations (Jusem and
Barcilon, 1985).



488

400

M. M. MIGLIETTA AND A. BUZZI

T T T D T L L T T T L T T O e T T T L e T T T LT

500 -338

800

P(hPa)

334

334

et b b
—_  —

700

SO 4 VA e SR

A e e s g

L IR A

L e s

800

N

- A\\/ L S

- o bbb bbb

900 1

S s ‘/' >
R d

N

TN

N

1000 - A
1 1l 1 i t

w

0 600

Fig. 4. As Fig. 3, but for the moist case.

2Z(km)

0w : <
0 600
X(em)

Fig. 5. H=1.0, moist case: extension of cloudy regions
along the central axis of the channel after 28 h. The low
level orographic cloud partially masks the mountain
(visible as a dark “tail” on the right side of the cloud).
The eastern one third and the upper part of the domain

are not shown.

3.2. Non-linear regimes: wave breaking and flow
splitting

The most significant differences among dry and
moist simulations occur for the set of parameters
where non-linear effects, such as wave breaking
or flow splitting, become important in modifying
the flow regime. It is interesting, therefore, to
analyse what happens in such simulations and
how the appearance of stagnation points (Smith,

1200

1989b) can be influenced by the presence of
humidity.

The differences between dry and moist cases for
H = 1.25 become striking (not shown). In the dry
simulations, where zonal flow reversal occurs
downstream after about one day of integration, a
couple of vortices aloft can be distinguished down-
stream (the symmetry in the transversal direction
is generally imposed by the symmetric conditions
in the model and in the initial conditions). No
upstream flow reversal can be observed, and the
influence of wave breaking and downstream phen-
omena on upstream conditions is small in compar-
ison with 2-D simulations (Pierrehumbert and
Wyman, 1985). The downstream reversed flow
reaches its maximum intensity immediately after
the breaking, when the drag has a strong decrease
(see also Section 4). Warm vortices, that move
towards the ground but do not reach it yet, are
progressively weakened and advected down-
stream. The presence of the reversal limits the
maximum value that the u-wind component can
reach downstream, preventing a strong descent of
air along the central axis: therefore the maximum
u-component is observed before the overturning
of isentropes occurs.

The moist solution, unlike the dry one, does
not show overturning of isentropes for H =1.25

Tellus 53A (2001), 4
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Fig. 6. H= 1.0, moist case: vertical cross-section of effective Brunt—Viisila frequency (see text) N,, along the central
axis of the channel after 20 h. Contour interval is 1 x 1073 s~ !, A positive minimum of +0.004 s~ ! is present above
the mountain.
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Fig. 7. As Fig. 6, but for the dry case. A maximum of N is present immediately above the mountain.

(not shown). No significant qualitative difference the dry case, the maximum u-component is still
can be observed in this case with respect to H=  located along the central axis of the channel.

1.0, apart from proportionally larger perturba- In the dry case, for higher mountains (H = 1.5),
tions and vertical motions. In comparison with the breaking appears in the simulation after a
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smaller period of time (about 12 h). An upstream
blocked region, although confined to a narrow
area, occurs at the same time of wave breaking
and remains stationary during the whole
simulation.

Fig. 8 shows that the region of flow reversal has
reached the surface and is associated with a pair
of lee vortices. The presence of the vortices
obstructs the downslope airflow and a larger
amount of air is forced to flow around. Two
regions of diffluence can be distinguished near the
top, due to the motion around the vortices, one
immediately upstream and the other downstream.

Additional simulations have been made still
with free slip conditions at the surface, but includ-
ing internal dissipation aimed at parameterising
turbulence for low or negative values of the
Richardson number. In fact, gravity wave breaking
is associated with local negative static stability
and wind shear that may induce important turbu-
lent dissipation. We have generally neglected this
aspect in the course of our study, since our aim
was mainly to tackle the basic inviscid problem
(except for the numerical internal diffusion), but
an assessment of the importance of the internal
diffusion in the presence of GWB is relevant. Some
differences with respect to the previous experi-
ments can actually be observed in the simulations
with turbulent closure after the breaking occurs.
In particular, the region of downstream reversal
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remains confined at mid levels, where it occurs
initially, and it does not move closer to the ground,
in contrast with the inviscid case. Furthermore,
the intensity of the associated minimum wind
speed remains almost constant after the over-
turning, so that a stationary final value appears
earlier than in the inviscid case. These results
could explain the discrepancies in time evolution
of the downstream patterns that have been
observed in literature among simulations of oro-
graphic flows (see Crook et al,, 1990; Smith and
Grends, 1993; Rotunno and Smolarkiewicz, 1991).
However, the impact of internal dissipation on the
flow upstream and above the obstacle, which we
are mainly interested in here, turns out to be
small. Therefore, we think that it may be consid-
ered not so relevant for the purposes considered
in the present study.

Fig.9 shows that a wave breaking, even if
weaker, can be observed for H = 1.5 also in the
moist case: it appears, however, later than in the
dry case and the overturning modifies strongly
the flow features. It can be noticed in Fig. 10
that the reversed flow cannot reach the ground,
as in the dry case with a smaller mountain height
(H = 1.25). The position of the downstream u-wind
component maximum moves laterally and
is displaced far downstream.

The extension of the area with precipitation and
that of the condensed region increases with H.
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Fig. 8. As Fig. 1 (dry case), but for H=1.5.
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Fig. 9. H= 1.5, moist case: streamlines along the central axis of the channel after 32 h. The overturning of the
streamlines is apparent immediately downstream the obstacle. The eastern one third and the upper part of the

channel are not shown.
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Fig. 10. As Fig. 1, but for the moist case after 40 h, with H

The volume of clouds, especially of those that, for
H=15, can be distinguished downstream
(Fig. 11), fluctuates in time.

For larger values of H (H =2.0, not shown),
wave breaking and lee vortices at the ground
appear immediately after the beginning of the
simulation in the dry case, while two different
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=1.5.

breakings, the first appearing only 12 h after the
beginning, can be observed in the moist case. It is
interesting to notice that the values of the u-wind
component extremes and those of the drag change
weakly in time, as in Schir and Durran’s simula-
tions (Schiar and Durran, 1997): Fig. 12 shows
that these values are comprised in a range of at
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Fig. 11. As Fig. 5, but for H=1.5.

most 20% around the average values. The oscilla-
tion of the intensity of the drag, exhibited for this
value of H by some other models (Miranda and
James, 1992), has not been observed in our
simulation.

3.3. High mountains

For much higher values of the adimensional
mountain height (H > 2), significant differences
can be seen in comparison with the previous cases.
Fig. 13 shows the zonal (along channel) wind
perturbation for the dry case with H = 5.0. In dry
simulations, the circulation is completely around

M. M. MIGLIETTA AND A. BUZZI

the obstacle up to a few hundred meters below
the top of the mountain, apart from the layer
near the bottom, where a weak descending motion
is present upstream. For several aspects, and
especially for the general weakness of the vertical
component of motion at low and intermediate
levels near the mountain, if compared with devi-
ation of the horizontal motion induced by the
obstacle, such a solution is similar to the limiting
case of a two-dimensional potential flow, for which
Drazin (1961) presented an analytical solution.
This solution has been considered more recently
by Smolarkiewicz and Rotunno (1989) and Hunt
et al. (1997), to (partly) explain the flow regime
around high obstacles. Only near the mountain
top, ascending vertical motions can be observed.
A significant departure from the theory is due to
the presence of wide vortices with vertical axis,
extending in the lee of the mountain from the
ground up to about 2000 m, and moving progress-
ively downstream. Apart from this aspect, the
solution can be considered almost stationary.
There is no upstream reversed flow, but all the air
particles next to the obstacle are almost stagnant.

The moist solution (Fig. 14) differs slightly from
the dry one, although the upstream strong decel-
eration is confined closer to the obstacle. Also the
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Fig. 12. H =20, dry case: time variation of the intensity of the extremes of the u-wind component, normalised with
the velocity at the entrance of the channel (10 m/s), and of the normalised drag.
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Fig. 13. As Fig. 1 (dry case), but for H = 5.0, after 32 h. Contour interval is 2 m/s.
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Fig. 14. As Fig. 13, but for the moist case.

intensity of the extremes of u-wind component
and of the drag are very similar. The main differ-
ence is related to the amount of “flow over”, that
is larger: a stronger descent of air can be observed
at both sides of the obstacle, where the maximum
u-component can be observed. It appears, in fact,
that the cross mountain wind just above the top
of the mountain in the dry case is about 3 m/s,
whereas it is about 4 m/s in the moist case.

The intensity of precipitation is reduced with
respect to the case of lower H, but the extension
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of the involved area and the magnitude of the
integral of precipitation are larger.

Additional simulations have been made for
H = 10. Since, by further increasing of the height
of the mountain, the slope would become unreal-
istic for the Earth and too large to be repre-
sented correctly in the model, the new value of H
has been obtained by halving the velocity at the
entrance of the channel. The upstream vortices in
this case are extremely reduced, and the solution
agrees well with Smolarkiewicz and Rotunno
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(1989) numerical results and with the analytical
potential flow solution. A strong confluence,
observed immediately downstream of the obstacle
in place of the diffluence due to the presence of
lee vortices, is associated with a strong ascending
motion and a deep cloud there, while the upstream
condensation is strongly reduced for this adimen-
sional height.

4. Additional results and discussion

In the attempt of completing and better quan-
tifying in a systematic way the results obtained
in the previous section, further simulations with
obstacles of different heights have been analysed.
Moreover, numerical experiments with different
values of relative humidity have been performed,
in order to study the dependence of solutions on
this field. As we will show, results are very sensitive
to both parameters. Parameters used in our simu-
lations form a combination of all the values of
relative humidity and height shown in Table 3.

The general results derived from the series of
systematic moist simulations, in comparison also
with the corresponding dry cases, are summar-
ised below.

o A stronger component of “flow over” is gener-
ally observed in the moist cases. Therefore, the
intensity of perturbations of the u-wind compon-
ent is reduced as humidity increases. Moreover,
the differences with dry cases are larger for heights
next to the critical value for dry wave breaking,
while are reduced for both very small and very
high obstacles.

e The extension of condensed regions increases
with H, and the upstream cloud moves progress-
ively further upstream.

¢ Since condensation weakens the amplitude of
gravity waves, we expect a shift in the overturning
of streamlines to higher mountain heights. In fact,
wave breaking, observed in dry simulations with

Table 3. Table with all the values of relative
humidity and adimensional mountain height used in
simulations

H 01 05 10 125 15 20 30 40 50

R.H. 1 8 8 90 95 98 100

M. M. MIGLIETTA AND A. BUZZI

H ~ 1.2, does not appear in moist cases for the
same height: while for H =1.25 it is still present
for th < 95%, it is not observed for higher values
of humidity. The difference is more striking for
H =1.50: the lee wave breaks for any humidity
value, apart from the case rh=100%, but two
different regions of overturning can be seen for
rh € 95%, in the course of our simulations. Only
in the dry case the vortices reach the ground,
generating two lee warm reversed circulations. For
H =20, breaking is observed already at the begin-
ning of the simulation and for rh <95%. No
overturning can be seen for rh = 100%. For inter-
mediate values of humidity, also in this case two
temporally distinct breaking episodes occur in the
simulations. For rh = 100%, the critical height for
breaking is H ~ 2.5. For higher mountains and for
any value of relative humidity, horizontal flow
splitting reduces the mountain lifting effect and
gravity waves intensity, preventing the generation
of further wave breaking.

o An effect of the overturning of the isentropes
is the decreasing of the downstream u-component
maximum occurring immediately after the break-
ing, in both situations. Therefore, as already
observed by Bauer (1997), the effects are opposite
to what occurs in 2-D experiments. Fig. 15 shows
the values of the maximum of u-wind component,
observed after the breaking, as a function of H. A
reduction can be observed for heights slightly
larger than the critical value required for breaking.
Then, when the lateral flow is stronger, the max-

Hmis)

Q5 1 15 2 25 3 35 4 45 5
H

Fig. 15. Intensity of downstream wu-wind component
maximum versus H for the dry and moist cases. For
values of H corresponding to breaking, the intensity is
observed after wave breaking.
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imum tends to increase again at both sides of the
central axis. For very high obstacles, in conditions
of prevalent “flow around”, the intensity of the
downstream maximum does not appear to be
sensitive either to H or to relative humidity.

e As in most of the observed events, the max-
imum intensity of precipitation increases with H,
except for very high mountains. The ability of
moist air near the ground to flow over an obstacle
strongly controls the orographic precipitation.
Smith (1989a) studied the case of flow over the
Hawaii islands, a group of isolated mountains of
different height and geometry, but exposed to the
same flow, applying his regime diagram for the
individuation of wave breaking and flow splitting.
The highest and narrow mountains, where the
depth of the air mass lifted over the obstacle is
small, receive less precipitation, as a consequence
of the larger lateral deflection and of the fact that
only the dry air near the top can flow over. In
our simulations, precipitation is observed only
upstream, apart from very low mountains. The
affected area, together with the upstream cloud,
moves progressively upstream at increasing height.
Fig. 16 shows precipitation versus H for the two
cases of highest relative humidity: the values
shown in the figure have been obtained immedi-
ately after the transient phase and remain almost
constant. The intensity increases up to H =3.0,
remains almost constant between H = 3.0 and 4.0,
and decreases for higher values, when “flow
around” is stronger.

- proctatH (mml‘h)-br hege% +—
10} " precipnation (mmidh) for the He1oon - J

Precipitationmm/4h)

T T S T R T SR
H

Fig. 16. Maximum of upstream precipitation, accumu-

lated over 4 h, versus H, in simulations with two different

values of humidity (th = 98% and 100%). The values are

observed immediately after the transient phase; later,

they remain almost constant during the simulations.
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It should be noticed that, for a fixed height, a
more pronounced lateral deflection appears with
decreasing humidity, and so the critical height for
“flow around” is lower in a drier atmosphere. This
explains, to some extent, why the maximum inten-
sity of precipitation (and also of integrated precip-
itation) is observed for larger H, for increasing
values of relative humidity (H = 2.0 for rh = 90%,
H=30 for th=95%-98%, H=40 for th=
100%), as shown in Fig. 17.

The maximum intensity of precipitation that
our model produces (about 65 mm/day) is weak
in comparison with the observed values in flood
producing events. So, heavy rain situations need
a combination of orography and of some meteoro-
logical perturbations, such as frontal or convective
systems (see, for example, Smith, 1982; Buzzi and
Foschini, 2000).

e The upstream minimum, the only u-wind
component extreme that reaches rapidly a station-
ary state for any value of height of the obstacle,
is shown as a function of H in Fig. 18. An upstream
reversal can be seen in dry simulations already for
H ~ 1.5. This corresponds to a descending current,
confined upstream of the obstacie at low levels,
that forms a separated region of clockwise circula-
tion in a vertical plane. As H increases above 2.0,
this reversal flow decreases, corresponding to a
transition towards a more potential “flow around”
solution (Drazin, 1961; Hunt et al., 1997). In moist
cases, the intensity of the (still positive) upstream
minimum decreases with increasing relative

Precipitationmm/dh»
o @

IS

% 92 o % % 100
Th(%)

Fig. 17. Maximum intensity of precipitation (4 h integ-

rated) versus relative humidity (rh), for different values

of H. The values, observed after the initial transient

phase, remain almost costant during the simulations.
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Fig. 18. Intensity of upstream u-wind component min-
imum versus H, for dry and moist simulations with two
different values of humidity (rth =98% and 100%). For
any value of the height of the obstacle, wind speed rapidly
reaches a value that remains almost constant during the
simulation.

humidity for all the values of H. However, as
Fig. 19 shows, for H=4.0 and for th=95%, a
stronger reversed flow than in the dry case is
observed. The presence of humidity moves the
formation of a reversed flow to higher values of
H, or suppresses it in the most humid cases (see
again Fig. 19). In fact, the nearly potential flow
solution is realised, with condensation, only for
very high mountains. Differences among the com-
pletely dry and the rh = 90% cases are significant
only for H=15, when the upstream reversal
occurs in dry simulations.

80 ' %0 ' 100
rh(%)

Fig. 19. Intensity of upstream u-wind component min-

imum versus relative humidity (rh), for several values of

H. For any value of the height of the obstacle, wind

speed rapidly reaches a value that remains almost

constant during the simulations.
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o The determination of the dependence of the
intensity of the drag on different flow parameters
is a problem of general interest. Understanding
the non-linear behaviour of the drag is important
for parameterizing mountain drag in global
models. Observations and numerical experiments
have shown that, in a non-linear regime, the drag
can be one order of magnitude stronger than in
linear theory (Bacmeister and Pierrehumbert,
1988). The presence of humidity and of the con-
sequent upstream condensation and downstream
evaporation reduce the amplitudes of pressure
perturbations, and so the intensity of the drag.
Our results show that, especially for low moun-
tains, a change of only 2% in relative humidity,
for values near saturation, can strongly modify
the drag. The values shown in Fig. 20 and Fig. 21
are the quasi-stationary results after the last
observed breaking. Fig. 20 shows that the intensity
of the drag versus H has a similar behaviour in
dry and moist cases: it increases up to the critical
height for breaking, and then decreases for higher
H, finally reaching an asymptotic value for high
obstacles. However, for rh=98% the drag
decreases from H =0.1 to H=0.5: for such very
small heights, the extension of saturated areas is
strongly reduced, and the flow is very similar to
the dry case.

For H between 0.5 and 1.0, the drag remains
almost constant, while increases only for higher
values of H. It has been verified that the intensity
of the drag, for H > 2.0, is very similar in moist
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Fig. 20. Intensity of normalised drag versus H, for dry
and moist simulations with two different values of
humidity (rh = 98% and 100%). The values of drag are
observed after wave breaking.
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Fig. 21. Intensity of normalised drag versus relative

humidity (rh), for different values of H. The values in the
figure are observed after wave breaking.

and dry simulations, confirming that differences
in the flow regime are reduced for high mountains
(Fig. 20 and Fig. 21). Note that in the case H =
1.5 the drag is independent of rh for value of
rh < 98%, but drops substantially for rh = 100%.
Significant differences between the dry case and
the case with th=90% are observed only for
H=~15.

5. Conclusions

Numerical simulations have been made with a
mesoscale model, in order to study the problem
of a moist stratified flow over an idealised three-
dimensional topography, also by comparing the
humid cases with the corresponding dry cases.
Simulations have been carried out with several
different values of atmospheric humidity and
adimensional height of the mountain H. Results
appear to be very sensitive to both parameters.

First of all, we have shown, whenever appro-
priate, that our results are mainly consistent with
previous studies of dry flow over orography. This
is true in the dry reference cases, but also in cases
where the flow modifications due to the effects of
humidity are minor, either because the humidity
itself is small in the basic state or because the flow
regime is well defined and qualitatively similar to
that of the corresponding dry cases. This turns
out to be the case for very small and large values
of adimensional mountain height. In the most
critical case of intermediate flow regimes, humidity
introduces changes in the flow that are not easily
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interpreted, mainly due to the non-uniformity of
latent heat release processes. However, such
changes can be, to some extent, interpreted in
terms of changes in the field of effective (moist)
static stability N,,, depending on the moisture
distribution and on the occurrence of condensa-
tion. In fact, the values of the Brunt-Viisila
frequency are very different in dry and saturated
regions. However, the interpretation of the simula-
tions is not so straightforward: the presence of
saturated regions depends on the flow itself, and
especially on the vertical motion field which, near
the obstacle, can vary widely as a function of the
flow regime. The “local” interpretation of flow
modifications in terms of modified static stability
seems to be more appropriate in the near upstream
and over the obstacle, where the vertical velocity
is mainly upward, than further downstream and
far above the obstacle, where the vertical velocity
fluctuates in a more complex way.

In general, the experiments indicate that the
presence of humidity in the atmosphere can effec-
tively change the flow type with respect to the dry
case, for the same upstream wind and temperature
profiles, especially for values of H in the range for
which changes of flow regime occur, depending
also on how close the atmosphere is to saturation.
In fact, if saturation does not occur, either because
humidity is too low or because vertical displace-
ments are too small, the effects of humidity become
negligible. If, on the opposite, the upstream relative
humidity is close to 100%, even weak ascending
motions can easily bring to saturation. In this
case, the differences between the moist and humid
cases are large, especially for intermediate values
of obstacle height and if the absolute humidity is
not too small (i.e., if temperature is sufficiently
high) to allow for significant latent heat release.
In particular, the differences observed for heights
next to the critical value for the occurrence of dry
wave breaking are dramatic also for relative
humidity equal to 90% (with a surface temperature
around 20°C). For this value of humidity and for
lower and higher heights of the mountain, signi-
ficant differences with the dry cases are not
observed. The comparison of dry and moist simu-
lations with rh =98% and H = 1.50 shows that in
the moist case, unlike in the dry one, the region
of flow reversal does not reach the ground and
the maximum intensity of the wind is still observed
at the ground along the central axis. Furthermore,
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no lee vortices can be seen in this case, since in
our simulations they appear to be a consequence
of the downward motion of the reversed region.

Differences between dry and moist cases become
less evident for very high mountains, since in this
case the flow is less sensitive to static stability
(unless the stratification becomes neutral or
unstable).

The changes produced in the orographic flow
are due to the release of latent heat that favours
the “flow over” regime by decreasing the effective
static stability of the ascending saturated flow.
This effect has important consequences on the
distribution and the amount of precipitation. The
maximum intensity of precipitation increases with
H up to a threshold height, that is lower for a
drier atmosphere. For mountains higher than this
threshold, the amount of air deflected around
increases and precipitation is reduced.

The occurrence of wave breaking is moved by
condensation to higher mountain heights, more
strongly for moister atmospheres, since humidity
tends to decrease the wave amplitude: so, the
critical height grows for increasing relative
humidity.

Some interesting effects of the overturning of
the isentropes, that appear also in dry simulations,
are the reduction of the downstream u-wind com-

M. M. MIGLIETTA AND A. BUZZI

formation of upstream stagnation regions or of
lee vortices, are generally confined to larger values
of mountain heights than in the dry case, or are
completely suppressed.

The drag exerted by topography on the flow is
lower if compared with the dry case: the release
of latent heat reduces the intensity of the pressure
perturbations induced by adiabatic motions, and
hence the drag. Generally, the intensity of the drag
versus H shows the same behaviour in dry and
moist cases: it increases up to the height of first
appearance of wave breaking and then decreases,
reaching the same asymptotic value in dry and
moist simulations for very high H. However, a
strong decrease in the range from very small
heights to values of H ~ 0.5 can be observed, but
only in the rh =98% case. These results may be
relevant for the parameterisations of momentum
flux over mountainous regions in global models,
even though the inclusion of viscous drag may
limit the importance of these results for the realistic
atmospheric states.
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