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ABSTRACT

The influence of vegetative cover on the development of mountain waves is analyzed using a two-dimensional
meso-f model. The model includes a detailed representation of surface fluxes and friction that evolve in time
as the incoming solar radiation interacts with the soil and vegetation. Simulations of a zonal flow over a north-
south-oriented ridge covered by different types of vegetation are presented and examined. The intensity of
downslope winds and turbulent kinetic energy structure appear to be especially sensitive to the presence and
type of vegetation. Model-predicted rainfall is also examined, indicating an enhancement when mountainous

areas are covered by conifer forest.

1. Introduction

In recent years, studies have been carried out dealing
with the influence of soil and vegetative characteristics
on the development of mesoscale circulations. These
studies have emphasized the important role played by
soil texture through its influence on surface moisture
availability, but have indicated that for soils with an
adequate water supply, sufficiently dense vegetative
cover becomes the dominant surface factor in the evo-
lution of the planetary boundary layer (PBL) (Pinty
et al. 1989). However, soil properties must be taken
into account in cases of sparse vegetation or when the
soil is subjected to a water deficit. To isolate the effects
of such surface inhomogeneities, those simulations
have emphasized the simplest conditions: flat terrain,
clear-sky situations, and/or an unperturbed synoptic
environment. With those conditions, thermally in-
duced circulations such as sea breezes or circulations
associated with differential heating between zones of
different soil or vegetative properties have been sim-
ulated (Mahfouf et al. 1987; Pinty et al. 1989).

On the other hand, idealized or real cases of flows
over complex terrain have been used in numerical
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models to describe atmospheric perturbations induced
by orography. Simulations with simplified orography
and atmospheres of linear and nonlinear flows over
mountains have extended the theoretical concepts of
mountain waves and have proved useful in testing the
correctness and sensitivity of the model approach (e.g.,
Klemp and Lilly 1978; Anthes and Warner 1978;
Mabhrer and Pielke 1978; Nickerson et al. 1986). Suc-
cessful simulations of the well-documented 11 January
1972 windstorm in Boulder, Colorado, have been car-
ried out (e.g., Klemp and Lilly 1978; Durran and
Klemp 1983) and have indicated that the inclusion of
surface frictional effects gives a more realistic devel-
opment and evolution of downslope winds (Richard
et al. 1989). The damping effects of atmospheric water
vapor and liquid water on the development of moun-
tain waves have also been considered (Durran and
Klemp 1983); however, sensitivity studies have not
been presented that demonstrate the response of
mountain waves to different specifications of surface
properties.

In the present paper, 2D numerical experiments are
carried out using 2 meso-f model with a detailed rep-
resentation of the soil-atmosphere interface to study
the effects of different vegetative covers on the dynam-
ical and thermodynamical structure of atmospheric
waves induced by a bell-shaped ridge. Surface fluxes
and model-predicted rainfall are also examined.

This paper contains a brief description of. the
model (section 2). Section 3 presents the particular
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conditions for the individual experiments. Results
of the simulations including the wave structure, an
examination of different terms composing the energy
balance at the surface, as well as an examination of
the surface pressure drag and the model-predicted
rainfall are presented in section 4. Section 5 contains
the conclusions.

2. Model description

The simulations were done using a hydrostatic meso-
8 model with parameterized microphysics ( Nickerson
et al. 1986). Model equations are expressed in a terrain-
following coordinate system, where the vertical coor-
dinate v is related to the usual ¢ coordinate by the
expression

(4v — v?).

W

g =

The » coordinate provides for high vertical resolution
within the PBL, while at the same time preserving equal
spacing between the computational levels.

In the atmospheric domain, the vertical and hori-
zontal grids are staggered. Centered differences are used
to represent the time and space derivatives. However,
an Asselin filter is applied to connect odd and even
time steps. The filtered value at the 1 — 1 time level
X~ is given by

X=X 4 a(x -2+ XY,

where the coefficient « takes a value of 0.25 (Schlesin-
ger et al. 1983).

The governing equations are summarized below (the
discretized version can be found in Nickerson and Ma-
gaziner 1976).

a. Dynamical equations

The prognostic equation for the horizontal momen-
tum variable (see appendix for symbols), after neglect-
ing the Coriolis term, has the form

Ory _ dmuu 1 do'Tuv + B R, T*om d
ot ox a v P ax '
0
_9 L E 4D (1)
ax
The vertical velocity » is given by
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The vertical integration of the continuity equation
gives the temporal evolution of the surface pressure:
' dru

J
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and the geopotential ¢ is calculated from the equa-
tion
¢

= = —C,0(1 + 0.61g,).

ap (4)

b. Thermodynamical equations
An entropy variable S = wH is defined by

T va
)+ <

H= ln(F T’

which is approximately conserved in a pseudoadiabatic,
pseudoreversible system. The other predicted ther-
modynamic variable is W = =(g, + g..), which takes
into account the transformation between g, and g,
when saturation occurs:

S __aSu_140'Sy
Co P Ty Fs+D
o~ ax o e ST ()
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W _ _Wu_ LWV |yt Dwt Sw. (6)
at x o

The source-sink terms S and Sy will contain, re-
spectively, radiative processes (short- and longwave)
and transformations between rainwater and the mois-
ture variable W (loss by autoconversion and accretion,
and production by evaporation).

¢. Microphysical equations

Separate prognostic equations are written for both
rainwater mixing ratio and raindrop number concen-
tration:

orq, orqu 1 ddmqy
=— -= + Fyy + Dyg + Saq (7
ot ox d ar ar a (7)
o N, _ owN,u _ l dd'TN
ot ox d v

+ Fon, + Doy, + Senv,e (8)

The terms S,,, and S,y, are related to autoconver-
sion, self-collection, accretion, evaporation, and sedi-
mentation processes. However, self-collection affects
only the concentration of raindrops, whereas accretion
affects only the rainwater mixing ratio. Detailed ex-
planation of each partial contribution, based on a log-
normal raindrop distribution, are in Nickerson et al.
(1986).

d. Mixing terms and TKE equation

In the model equations, the terms noted as D,,{(var
= qu, S, W, etc.) represent horizontal diffusion, which
is numerically introduced by a fourth-order operator
that is more selective than a second-order one. On the
other hand, the F,,, terms represent the vertical tur-
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bulent mixing and are parameterized according to an
eddy coefhicient K,:

ad
Fu=B2 (BKCX V—ar)

ov o
with
___8F
7R, To "

The exchange coefficients K., [K,, for the momen-
tum, K, for the thermodynamic and microphysical
variables, and K, for the turbulent kinetic energy
(TKE)] are calculated as functions of the TKE and the

mixing length /, following Therry and Lacarrére (1983).
The TKE is given by the equation

dme dmeu 1 dd'mev u\?
ELLGRLLL I + 7K, BZ
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Generalized specifications for /, and the dissipation
length /,, based on the resistance to vertical displace-
ments due to the static stability, are used by the
model following Bougeault and Lacarrére (1989),
which parameterization gives a good response outside
the PBL.

e. Upper and lower boundary conditions

At the top of the model, the vertical velocity v is set
to zero. To minimize reflection from the upper bound-
ary, an absorbing layer is included in which the back-
ground diffusion (imposed by a second-order operator
in this layer) is progressively increased, reaching its
maximum value at the uppermost level.

The energy and water budget equations are solved
at the air—soil interface to obtain the temperature and
moisture at the surface. As explained in Mahfouf et al.
(1987) and Pinty et al. (1989), vertical diffusion equa-
tions for temperature 7y and volumetric water content
7 are solved in the multilayer soil following McCumber
and Pielke (1981):

9T, o (. 9T,
F _az( az) (10)
o 0 an K,
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% oz (D" az) 3z’ (1n

where the hydraulic conductivity K, and diffusivity D,
are functions of the soil moisture:

7 26+3
K, = K,,:(;) (12)
bK : b+3
D,= - ——7’7“‘/’ (nl) . (13)
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In the above equations, #,, K, , and y, are the satu-
rated values of volumetric water content, hydraulic
conductivity, and moisture potential.' Those parame-
ters, the specific heat capacity pc and the exponent b
are functions of the soil texture. The thermal conduc-
tivity A is also determined by the soil moisture:

A=10.1679 + 0.1. (14)

Based on Deardorff (1978), the surface scheme also
allows for the inclusion of a single layer of vegetation,
which is assumed to have negligible heat capacity. A
second energy budget is established for the foliage layer,
taking into account the exchanges above and below
the canopy. In the present model, the leaf stomatal
resistance is calculated as

(15)

where ry_ . is the minimum stomatal resistance (and is
a function of the vegetation type), S, is the solar ra-
diation factor, and My is a factor limiting the tran-
spiration when the soil becomes very dry or when the
atmospheric demand is too strong (Pinty et al. 1989).

The necessary solar and infrared fluxes calculations
at the ground are based on Mahrer and Pielke (1977).
Scattering and absorption of solar radiation by per-
manent gases such as oxygen, ozone, and carbon diox-
ide is included. Absorption and longwave emission by
the atmospheric water constituents (water vapor and
clouds) is also considered. The surface radiative fluxes
are modified to account for the terrain slope.

Fq = 1. stm;,,Sst st

3. Initial conditions and model parameters

A set of four experiments was carried out to study
the influence of vegetation on the development and
structure of the mountain wave, as well as on the dis-
tribution in time and space of surface parameters. The
astronomical parameters for radiation calculations
correspond to 21 March at a latitude of 40°N. The
simulations begin at 0600 LST (just after sunrise) and
continue until 1800 LST (just before sunset). The
model domain is 500 km, with a horizontal grid length
of 10 km. The time step is 10 s.

a. The atmosphere

The model is initialized with a single radio sounding,
providing horizontally uniform initial fields. The layer
below 300 hPa has a lapse rate of 6 K km™!, in which
the temperature at zero elevation has a value of 280 K
and the layer between 300 hPa and the upper boundary
(100 hPa) is isothermal. The wind is westerly with a ver-
tically uniform speed of 20 m s '. Initially, the micro-
physical variables and all the surface fluxes are set to
zero. Except for air moisture and surface characteristics,
all the simulations are initialized in the same manner.

There are 15 vertical levels resulting in four com-
putational levels in the lowest kilometer. The absorbing
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TABLE 1. Mixed soil characteristics.

Parameter Value
Porosity 0.458
Saturated hydraulic conductivity (107° m s™!) 5.65
Saturated moisture potential (m) —0.548
Dry volumetric heat capacity (10° J m™ K1) 1.242
Exponent b 6.58
Emissivity 0.99
Albedo 0.14
Roughness length (m) 0.005

layer occupies the 5 upper levels of the domain, and
the maximum diffusion induced at the top level has a
nondimensional value of 0.10.

The lateral boundary conditions are specified using
the relaxation method of Davies (1976). All the fields
are relaxed toward their initial values as has been done
in previous works (e.g., Richard et al. 1989).

b. The surface

The orography consists of a north-south-oriented
ridge, centered in the domain and defined by the func-
tion (Laprise and Peltier 1989)

zdx) = h[l + ()—C)ZIl,
a

where s and g are 1 and 20 km, respectively. The soil,
with a depth of | m, is divided into 13 vertical levels.
A mixed soil type is used for all simulations. Its hy-
draulic, thermal, and radiative properties are sum-
marized in Table 1. For cases in which vegetation is
included, two representative types of cover are consid-
ered, conifer forest and shrub. Their characteristics are
listed in Table 2.

The experimental conditions are summarized in
Table 3. Experiments 1 and 2 are carried out for bare
soil but for different initial conditions of atmospheric
moisture (dry atmosphere in experiment 1 and a sat-
urated atmosphere in experiment 2), and are included
for comparison with previous studies in which the sur-
face energy budget was not used to calculate the surface
temperature (Nickerson et al. 1986).

In experiments 3 and 4, both with saturated atmo-
sphere, the surface is covered by vegetation. Two dis-
tinct vegetative regions are considered: the top [z{x)
= 500 m] and the slopes [z{(x) < 500 m]. The shielding
factor is homogeneous over each vegetation area.

For each of the four experiments, the temperature
of the atmospheric sounding at the air~land interface
was used to initialize the vertically uniform temperature
within the soil. The volumetric water content of the
soil was initially 60% of the saturated value.

4. Results and discussion

It is not the aim of this paper to study the effects of
soil moisture and texture. Therefore, all the simulations
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TABLE 2. Specification of vegetative characteristics in experiments
3 and 4.

Parameter Conifer forest Shrub
Height (m) 20.0 0.5
Displacement height (m) 15.0 0.37
Plant resistance (s) 8 x 10° 10 X 10°
Minimum stomatal resistance (s m™') 350 500
Critical leaf water potential (m) —-150 -150
Green leaf area index 3.5 1.0
Dry leaf area index 0.7 20
Rooting depth (m) 0.8 0.4
Emissivity 0.98 0.98
Albedo 0.10 0.16
Roughness length (m) 1.67 0.04

presented in this work have been performed with the
same soil properties.

a. Wave structure

The cross sections presented correspond to the cen-
tral part of the model domain. Two representative times
are considered when discussing the results given by the
model, 1200 and 1800 LST.

Figure 1 displays the wave obtained for experiment
1. The maximum amplitude of the potential temper-
ature wave develops at an altitude between 6 and 8 km
over the lee of the ridge, and enhanced surface winds
also appear in the lee. These results are qualitatively
and quantitatively in agreement with previous exper-
iments (Mahrer and Pielke 1978; Nickerson et al.
1986). However, in contrast to the conditions consid-
ered by Nickerson et al. (1986), the surface temperature
in our simulations is allowed to vary, thereby resulting
in some differences, especially in the lower part of the
atmosphere. The development of thermally induced
slope winds could explain, for example, why in our
experiment the west slope surface winds are stronger
and the east slope winds weaker.

From Figs. 1a and 1b, it can also be seen how the wave
intensity decreases during the simulation. Without addi-
tional information, it is difficult to assess to what extent

TABLE 3. Summary of the numerical experiments.

Vegetation Shielding
Experiment  Atmosphere Zone type factor
1 Dry Top — —
Slopes . _
2 Saturated Top — -
Slopes — —
3 Saturated Top Conifer forest 09
Slopes  Shrub 0.8
4 Saturated Top Shrub 0.8
Slopes  Shrub 0.8
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FIG. 1. Vertical cross section showing zonal horizontal velocity (solid line) and potential temperature (dashed line)
for experiment 1: (a) 1200 LST, (b) 1800 LST.

this result is a consequence of the diurnal variability in
the boundary layer or if it is due to a spinup process within
the model. This point will be discussed in section 4e.
The saturated case (experiment 2) after 12 h of sim-
ulation is presented in Fig. 2a. In agreement with Dur-
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ran and Klemp (1983), the figure shows that the in-
clusion of moisture produces a weaker wave than is
obtained in the dry case. Comparing the result with
Fig. 1b, it can be also seen that the inclination of the
wave is smaller when moisture is present.
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FiG. 2. (a) As in Fig. | but for experiment 2 at 1800 LST. (b) Detailed view of potential temperature around the mountain
for experiments 1 (solid line) and 2 (dashed line) at 1800 LST.
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FIG. 3. As in Fig. 1 but for experiment 3: (a) 1200 LST, (b) 1800 LST.

Another moisture effect derived from the heat re-
leased by the condensation products in the ascending
slope is the additional warming in the lee (foehn effect).
This moisture effect is detected from a comparison of
Figs. 1b and 2a (see Fig. 2b for a detailed view). The
same comparison shows that the lower atmosphere is
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FIG. 4. As in Fig. 1 but for experiment 4 at 1800 LST.

warmer over the whole domain and less stable in the
lee for the saturated case. This reduction of stability in
the moist case was also present in the simulations of
Nickerson et al. (1986).

Having established the validity of our results by
comparison with previous works, two more experi-
ments were carried out to study the effects of surface
vegetation on the wave structure. Figures 3 and 4 dis-
play the results for experiment 3 (nonhomogeneous
vegetation) and experiment 4 (homogeneous vegeta-
tion).

The wave obtained in case 3 (Fig. 3) is appreciably
weaker than the wave with bare soil. The centers of
maximum and minimum winds are situated 1 km
higher in this case, and the midtropospheric amplitude
of the temperature wave is not as pronounced. Over
the crest of the ridge, where friction induced by conifers
is very intense, the wind shear extends vertically to
higher altitudes than in experiment 2. At low levels,
isotachs are more symmetrically distributed between
both slopes in Fig. 3 than in Fig. 2a, indicating that a

. dense stand of tall trees at the crest of the mountain

may significantly reduce the intensity of downslope
winds. In this case, the wave intensity is also stronger
at 1200 LST than at 1800 LST.

There is a region of reduced stability in the lower
atmosphere over the eastern slope of the barrier at noon
(Fig. 3a). Over that same area, the stratification be-
comes more stable by 1800 LST (Fig. 3b), but does
not reach the degree of stability found over the western
slope. Of all three saturated experiments, the reduction
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FI1G. 5. Vertical cross section of the turbulent Kinetic energy field for experiment 1: (a) 1200 LST, (b) 1800 LST.
The contours are drawn every 0.5 m? s~2 starting at 0.5 m? s72,

in leeside stability is most pronounced in experi-
ment 3.

As expected, when the tall trees at the top of the
mountain are replaced by shrub, the wave intensity
given by the model (Fig. 4) evolves to an intermediate
state between the results of experiments 2 and 3. The
reduced surface friction associated with the uniform
covering of shrub on the slopes as well as on the crest
of the mountain results in leeside surface winds that
are 4 m s~ stronger than when the crest is covered by
tall trees.

b. Turbulent kinetic energy

An important aspect of the dynamical and ther-
modynamical fields induced by the mountain is the
intensity and distribution of the turbulent kinetic en-
ergy. Figures 5-8 display the TKE obtained in the ex-
periments, as well as the areas affected by clouds. (No
clouds are formed in case 1 since the moist soil is not
a significant source of moisture for the atmosphere.)
In the prognostic equation of TKE [eq. (9)], in ad-
dition to the transport terms, there are three important
terms that maintain a near balance in the free atmo-
sphere, resulting in no net turbulence production.
These are the shear production, the buoyancy produc-
tion (negative in stable conditions), and the viscous
dissipation. Wherever the stratification is sufficiently
stable, even with appreciable wind shear, no turbulence
appears. However, since in our experiments the stability
of the PBL reaches low values, especially in the lee for
the saturated cases as a result of the foehn effect, and

since there are regions of strong wind shear close to
the slopes, this leads to the generation of turbulence at
low levels, primarily above the lee slope.

The TKE figures show that the turbulence is stronger
at noon when the PBL is less stable than in the evening
in all cases. However, the four simulations result in
significant differences in the TKE intensity and distri-
bution. We note in Figs. 5-8 that the dry case is not
as favorable for turbulence production as the moist
cases in spite of having stronger wind shear. This is
because the midday reduction of the thermal stability
only affects a very shallow layer close to the ground
where the temperature increases markedly in response
to the incoming solar radiation. In fact, the turbulence
distribution in this case is very homogeneous along the
domain at noon (Fig. 5a) since the increase of the sur-
face temperature is nearly the same over the whole
domain. Since the longwave radiation is not readily
absorbed by the dry atmosphere, the surface cools rap-
idly during the afternoon, and by the end of the sim-
ulation, turbulence has practically disappeared except
over the eastern slope where the wind shear is stronger
(Fig. 5b).

In the saturated cases (Figs. 6-8), the solar radiation
is appreciably absorbed and the ground temperature
cannot increase as much as will be seen in section 4d.
By way of contrast, downwind of the barrier the lower
atmosphere remains slightly stable owing to the foehn
warming effect. As a result, the turbulence distribution
is highly skewed, with low values upwind of the barrier
and high values downwind associated with the wind
shear and light stability within the PBL.
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TIME = 18.00 HOURS
TKE (m®/s%) AND CLOUD WATER MIXING RATIO (g/kg)
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FIG. 6. Vertical cross section of the turbulent kinetic energy field
(solid line) and cloud water mixing ratio (dashed line) for experiment
2 at 1800 LST. The solid contours are drawn every 0.5 m? s2 starting
at 0.5 m?s~2 The dashed contours are drawn every 0.05 g kg™’ starting
at 0.05 g kg™'.

It is important to note the role played by the conifer
forest, through its extensive layer of wind shear, in the
formation of a deep and intense turbulent layer (Fig.
7). That layer has a depth of 1 km in the lee of the
mountain, but it also exists in a shallow layer above
the western slope. The results for experiments 2 and 4
(Figs. 6 and 8) are similar since there are only minor
differences of wind and temperature at low levels. In
these cases, the region of turbulence is found in a shal-
low layer over the eastern slope.

¢. Clouds and precipitation

The cloud water mixing ratio for the cases that were
initially saturated is shown in Figs. 6, 7, and 8. The
clouds induced by orographic uplifting over the upwind
slope are present in all three experiments. The greatest
vertical extent is observed for the case when the conifer
forest covers the top of the mountain. The maximum
values of the liquid water content are also obtained for
this case (more than 0.25 g kg™! close to the crest).
The major differences between the three experiments
upwind of the barrier is the strength of the cloud band
at an altitude of 4 and 6 km. Cases 3 and 2 produce
the highest and lowest liquid water concentrations, re-
spectively. Case 4 again produces intermediate values.

In addition, the vertical motion induced by the wave
downwind of the barrier leads to the formation of a
cloud with low liquid water content at an altitude be-
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tween 6 and 8 km. Experiment 3 has the lowest liquid
water content in that upper-level cloud owing to a
weaker intensity of the upper-level wave. More con-
densation occurs in the upper-level cloud of experiment
4 (Fig. 8), but the greatest amount is produced in ex-~
periment 2 (Fig. 6).

Model-predicted accumulated rainfall over the
mountain barrier is shown in Fig. 9. The asymmetrical
distribution of cloud water results in heavier rainfall
over the upwind slope and crest, with an abrupt de-
crease over the lee of the ridge. In the proximity of the
eastern boundary, a secondary maxima appears as a
consequence of the upper cloud formation, but only
for experiments 2 and 4.

The amount of rainfall given by the model is sen-
sitive to the surface vegetative cover. The amount of
precipitation reaching the surface of the western slope
is enhanced when the soil is covered by shrub, while
the case with the conifer forest covering the crest of
the ridge produces the most rainfall over both slopes.

d. Surface parameters

Figures 10-12 show the temporal evolution of sur-
face parameters at three locations on the mountain
barrier: one at the top of the ridge (TOP), and two
others at an elevation of 200 m (EAST and WEST).
It should be noted that atmospheric and subsurface
soil models are fully coupled and interactive. Near-
ground gradients of temperature and moisture depend
not only on the evolving structure of the atmospheric
wave but also on other factors such as rain, which is
absorbed by the soil and accumulated on the leaves of
the surface vegetation.

Figure 10 shows the diurnal curves of net radiation
at the surface for the saturated cases. The curves for
the dry case (not shown) revealed that there is net loss
during the beginning and ending stages of the simu-
lation in which the sun angle is still low, but high pos-
itive values occur during the central part of the day
(up to 550 W m™2 at noon) when the solar radiation
reaches the ground without significant atmospheric
absorption.

However, as can be seen in Fig. 10, significant ra-
diative loss does not occur in the saturated cases owing
to the downward longwave reemission by atmospheric
water vapor. On the other hand, the atmospheric water
constituents (vapor and liquid water) exert an impor-
tant attenuation of the solar radiation, and the net ra-
diation at the surface is therefore reduced.

The liquid water of clouds is a major factor in de-
termining the amount of solar radiation reaching the
ground. The diurnal curves for the three experiments
at sites covered by dense clouds (WEST and TOP) are
nearly identical, although higher values are obtained
over the top where there is less cloud water in the col-
umn of air above the summit. However, over the east-
ern slope the net radiative energy for case 3 differs ap-
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preciably from the values obtained for cases 2 and 4.
As noted in the previous section, the cloud generated
by the mountain wave downwind of the barrier is not
as well developed in case 3, and the net radiation at
the surface exceeds that obtained for cases 2 and 4 by
100 W m~2 at noon.
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FI1G. 8. As in Fig. 6 but for experiment 4 at 1800 LST.
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F1G. 7. As in Fig. 6 but for experiment 3: (a) 1200 LST, (b) 1800 LST.

0 50 150

The uniformity in net radiation previously noted
also applies to the ground temperatures for the TOP
and WEST locations, except that the case with bare
soil yields slightly higher temperatures (Fig. 11). The
effect of vegetation is to reduce the thermal oscillation
during midday, since part of the incoming radiation is
consumed by vegetative processes. For all cases, the
daytime temperature increase for those locations is less
than 1.5 K. For the EAST location where the solar
radiation arrives less attenuated, the daytime increase
exceeds 2 K, but the curves are more complex owing
to the absorption of the enhanced incoming solar ra-
diation by the vegetative surface.

Figure 12 shows that at the height of 15 m, corre-
sponding to the first computational level of the at-
mospheric model, the temperature is nearly identical
for the three simulations. The maximum temperatures
are reached at 1300 LST, but there is a significant dif-
ference between the values on the eastern and western
slopes, with the air over the eastern slope being warmer
by 3 K. This fact reflects the wave-induced heating
associated with the foehn effect.

Another important aspect is the energy partition be-
tween the transpiration (latent heat flux) and the sen-
sible heat fluxes in areas covered by vegetation. This
partition is controlled primarily by the leaf stomatal
resistance (Pinty et al. 1989). Figures 13 and 14 show
the temporal variation of both fluxes for a conifer forest
and for the case of shrub covering the top of the ridge.
The result is consistent with their different minimum
stomatal resistances given in Table 2. Since the stomatal
resistance is larger for shrubs than for conifer trees, the
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F1G. 9. Model-predicted rainfall after the period of simulation for experiments 2, 3, and 4 (black,
white, and gray bars, respectively).

transpiration for the shrub-covered surface is lesser,
resulting in a smaller latent heat flux. On the other
hand, the sensible heat flux is greater for shrubs than
for conifer trees.
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FiG. 10. Time evolution of the net radiation at the surface for
experiments 2 (solid line), 3 (long dashes), and 4 (short dashes) in
the top of the ridge (TOP), at an elevation of 200 m on the west slope
(WEST), in the symmetric point on the east slope (EAST).

e. Drag and model adjustment

A measure of the strength of the wave response is
the surface pressure drag across the ridge. This is de-
fined by

L 9z,

0 ax

where L is the length of the domain. The time-depen-
dent development of the pressure drag for the different
experiments is shown in Fig. 15. After a period of ad-
justment, the four simulated mountain waves reach a
nearly stationary state before the end of the simulations.
The drag value that is ultimately reached in the dry
case (0.16 X 10° kg s~2) is practically the same as in
the moist cases, even though the tendencies prior to
1200 LST are different. A possible explanation for that
result could be the foehn effect previously mentioned.
Although the difference of pressures between both sides
of the ridge induced by the wave itself is larger for a
dry atmosphere, there is at the same time in the moist
cases another mechanism that tends to accentuate that
difference by lowering the pressure above the lee slope.
That air is warmer and less dense and therefore serves
to compensate for the stronger dynamic effect of the
dry wave.

An important consideration in the assessment of the
results is the time required for the model to adjust to
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FiG. 11, As in Fig. 10 except for the ground temperature.

the initial conditions. The fact that the wave intensity
decreases for the four cases simulated between the times
considered (1200 and 1800 LST) could be taken as a
consequence of the model adjustment. However, the
adjustment of the surface drag to near equilibrium val-
ues in only 1 h suggests that the spinup process does
not significantly affect the results. That initial assess-
ment was subsequently confirmed by carrying out ex-
periment 3 for a period of 48 h. The fields for the second
day of simulation (not shown) are nearly indistin-

FIRST LEVEL TEMPERATURE (K)

12
LST (h)

FiG. 12. Time evolution of the air temperature given by the model
at the first computational level (15 m above the ground approximately)
over both slopes, for experiments 2 (solid line), 3 (long dashes), and
4 (short dashes): E and W refer to the east and west slope, respectively.
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F1G. 13. Time evolution of the surface sensible heat flux for
experiments 3 (solid line) and 4 (dashed line) at the top of the
ridge.

guishable from those presented above, indicating that
the temporal evolution of the fields represents the ef-
fects of temporal changes in the boundary layer rather
than a model adjustment process. That conclusion is
confirmed in Fig. 16, which presents the surface drag
for that period of 48 h. The uniformity of the drag after
1800 LST indicates that the model has completely ad-
justed. The appearance of a slight dome in the curve
on the second day is attributed to a new strengthening
of the wave.
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FI1G. 14. As in Fig. 13 except for the latent heat flux.
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5. Conclusions

A two-dimensional meso-3 model with a coupled
soil and vegetation submodel has been used to study
the effects of different vegetative surfaces on orograph-
ically generated atmospheric waves. In the absence of
vegetation but with a moist soil, the atmospheric wave
structure for both dry and saturated atmosphere is in
good agreement with previous studies (Nickerson et
al. 1986) but shows a redistribution of winds at low
levels owing to a more realistic treatment of the ground
temperature that is allowed to vary in response to the
evolving surface energy fluxes.

The inclusion of dense vegetation in the simulation
of mountain waves reveals a great sensitivity of the
airflow and thermal structure at all levels of the model
to the treatment of the lower boundary. A tall, dense,
vegetative surface such as a conifer forest significantly
diminishes the intensity of the mountain wave. As a
result of a higher symmetry of isotachs between both
slopes at low levels, this case corresponds to a dimi-
nution of the stronger downslope surface winds and
the creation of an extensive layer of vertical wind shear
in the proximity of the summit. That deep layer of
strong wind shear in the low atmosphere, combined
with low stability, seems to be an important agent in
the development of turbulence. The reduction in at-
mospheric stability associated with foehn conditions
in a moist environment has important consequences
for the development of turbulence downwind of a
mountain barrier.

The model-predicted rainfall suggests an important
role for vegetation in the development of clouds and
the enhancement of precipitation. When the surface is
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F1G. 15. Time evolution of the surface pressure drag across the
ridge for experiments 1 (solid line), 2 (long dashes), 3 (short dashes),
and 4 (long and short dashes).
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F1G. 16. Time evolution of the surface pressure drag

for a simulation of 48 h for experiment 3.

covered by shrub, enhanced rainfall occurs from the
orographic cloud that develops over the upwind slope.
But when the shrub on the crest of the mountain is
replaced by a conifer forest as typically occurs in many
parts of the world, the rainfall over the upwind and
downwind slopes is enhanced.

The results obtained in this work show the impor-
tance of surface-induced frictional effects on the sim-
ulation of surface airflow, stability, and turbulent ki-
netic energy of orographically forced circulations. Im-
proved simulations and model predictions of airflow
over mountainous terrain will require an adequate
treatment of the vegetative canopy in the surface energy
budget calculation. These findings may be particularly
relevant to studies of atmospheric dispersion in the
PBL over complex vegetative surfaces.
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APPENDIX
List of Symbols

a half-width of the ridge
B vertical scale factor
C, specific heat at constant pressure
C, numerical coefficient for the

TKE dissipation term
D.,., Dg, Dy, horizontal diffusion terms

Dvrq,., DWN,, D1re

e turbulent kinetic energy
F,., Fs, Fi, turbulent mixing terms

Frq,; F’er,: Fwe
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acceleration of gravity
maximum height of the ridge
entropy

exchange coefficients

mixing length scale
dissipation length scale

latent heat

raindrop number concentration
pressure

reference pressure {1000 hPa)
surface pressure

- pressure at the upper boundary

(100 hPa) :

P Ry/Cp
(%)

cloud water mixing ratio

rainwater mixing ratio

water vapor mixing ratio

universal gas constant

entropy variable defined by S
=7H

source-sink terms

time

virtual temperature

wind component along the x co-
ordinate

moisture variable defined by W
= m(gy + gew)

coordinate in the west—east di-
rection

surface height

temperature countergradient

P, — P,

pressure coordinate defined by o
=(P-P)/m

do/dv

vertical coordinate related to o by
o= (4v—1r*)/3

vertical velocity

geopotential

potential temperature

virtual potential temperature, 6,
=6(1+ 0.6lq,)
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