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Abstract

A high-resolution mesoscale model with horizontal mesh size of 6 km is applied to simulate upper-level
wave breaking above the Alps during a south foehn event in January 1996. The model reproduces the
key synoptic and mesoscale features of cross-alpine airflow during foehn. High-vertical resolution ra-
diosonde soundings at Munich and Innsbruck are used to evaluate the quality of the model simulations.
The simulations predict breaking gravity waves above the jet stream in a layer between 10 and 15 km al-
titude where the shear is maximum. In part of the foehn period a critical level is present at about 200 hPa
that results in wave steepening below and no wave activity aloft. Regions where aircraft report clear-air
turbulence encounters agree reasonably with the simulated locations of gravity wave breaking.

1 Introduction

Clear-air turbulence (CAT) is known to occur in re-
gions of large vertical shear associated with distinc-
tive synoptic-scale features such as jet stream and
frontal zones (Keller, 1990; Knox, 1997). In this set-
ting scale-contraction of the synoptic flow results in
a vertical structure characterized by low values of
the Richardson number and the occurrence of CAT
in the form of Kelvin-Helmholtz instability (Dutton
and Panofsky, 1970). Furthermore, significant topo-
graphic features such as the Rocky Mountains and
the Alps modify the incident flow and can induce up-
ward propagating gravity waves that, if of sufficient
amplitude, can overturn and break to yield CAT (e.g.
Lilly, 1978). The wave breaking can occur at eleva-
tions varying from the mid-troposphere to the mid-
stratosphere.

Observations of CAT are hampered by its ’clear-air’
nature and sporadic occurrence at locations and ele-
vations that makes monitoring difficult. These prop-
erties have hindered the compilation of an adequate
CAT climatology, and the acquisition of detailed
measurements of its evolution and structure.

It has long been recognized that the avoidance of
CAT encounters by aircraft can benefit airlines in
terms of passenger safety and comfort as well as
economic performance. However, unexpected CAT

encounters are still one of the primary risks for
aeronautics. Recent technological progress in remote
sensing techniques and the use of high-performance
computers may help to extend our knowledge of the
synoptic- and mesoscale processes leading to CAT.
Additionally, CAT forecasts by air safety agencies
and weather aviation services can become more trust-
worthy by using results of these new technologies.

The development of Doppler lidar systems enabled
the observation of temporally and spatially high-
resolved fields of wind and backscatter intensity (e.g.
Ralph et al., 1997). Furthermore, airborne lidar meth-
ods are currently developed that allow the detection
of CAT regions up to 20 km ahead of the aircraft.

Although a reliable CAT forecast by existing opera-
tional numerical models (minimum horizontal reso-
lution of Ax =~ 20 km) is not yet possible, research-
type high-resolution models (Ax = 1 km) resolve at
least the background flow conditions where CAT can
be locally produced. Simulations resolving the turbu-
lence directly (Ax < 100 m) need special numerical
tools as large-eddy simulation codes; currently, these
methods are mostly restricted to idealized flow struc-
tures (e.g. Dombrack, 1998).

In the last decades our understanding of airflow
around and over topography has been improved sig-
nificantly (e.g. Smith, 1979; Baines, 1995; Wurtele et
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al., 1996). However, relatively little is known about
the three-dimensional nature of wave generation,
propagation and the wave breaking over complex to-
pography. Therefore, simulation of breaking gravity
waves at upper flight levels represents an outstanding
opportunity to demonstrate that numerical mesoscale
models can accurately predict aircraft data reported
CAT regions. Here, we investigate upper-level wave
breaking and mountain-wave induced CAT above the
Alps by mesoscale numerical simulation. The em-
phasis of this study is the comparison of model re-
sults with radiosonde data and aircraft data reports.

The orientation of the main ridge of the Alps is
roughly east-west. Southerly flow past the Alps may
generate the so-called south foehn occuring north of
the mountain range whereas north foehn is blowing
south of the mountains in northern Italy. North as
well as south foehn events are expected to generate
substantial upper-level gravity wave activity (for a
statistics of Alpine foehn events, see Hoinka, 1990).
Because busy air traffic routes! are located over the
Alps, this area is susceptible to mountain wave and
turbulence encounters.

A research-type mesoscale model is applied to sim-
_ulate the cross-alpine flow and the vertical propaga-
tion and overturning of gravity waves during a south
foehn event in January 1996 using a minimum hori-
zontal resolution of Ax = 6 km. On a recent meeting
of the Mesoscale Alpine Programme (MAP, Binder
and Schir, 1996) modelling group it has been sug-
gested to intercompare the gravity wave breaking
by different mesoscale models. The MAP data cen-
tre (http://www.map.ethz.ch) contains me-
teorological data and simulation results of selected
foehn cases where clear-air turbulence was reported
by pilots. In this frame, our paper can be understood
as a contribution to the high-resolution model inter-
comparison in the pre-field phase of MAP.

The outline of the paper is as follows. Section 2 de-
scribes the mesoscale model set-up and results are
presented in Section 3. The model results are com-
pared with observations (radiosonde data, aircraft
data reports) in Section 4. Finally, conclusions are
drawn in Section 5.

2 Mesoscale Model Set-up

In this study we investigate mesoscale meteoro-
logical conditions where mountain-induced gravity
waves lead to a local generation of clear-air tur-

I About 3000 aircraft cross the Alps daily.

bulence in the upper troposphere/lower stratosphere
(free atmosphere) during the foehn event from 7 till
13 January 1996.

The fifth generation Pennsylvania State Univer-
sity / National Center for Atmospheric Research me-
soscale model (MMS, Grell et al., 1994) is used to
study the tropospheric and stratospheric wave struc-
ture. The model integrates the fully compressible set
of equations in a rotating frame of reference. In the
nonhydrostatic version used here velocity, pressure
perturbation and temperature are the prognostic vari-
ables; turbulent kinetic energy is not explicitly calcu-
lated in this version of MMS5.

The model domain is centred around the Alps with
an extension of 3294 km x 3294 km. Thus, a dis-
tance of about 1000 km is left between the lateral
boundaries and the Alpine mountain range. This di-
minishes the interaction between the orographically
induced airflow and the domain boundaries. Fur-
thermore, the central position of the Alps as the
main source of mountain waves facilitates simula-
tions with a twofold local grid refinement (nested
domains) to resolve most of the spectrum of oro-
graphically induced waves in the free atmosphere.
The horizontal mesh size of the outer domain is Ax =
54 km, the grid lengths of the two nested domains
amount to 18 and 6 km, respectively. The innermost
domain extends over 726 km x 726 km and cov-
ers almost the entire Alps (see Figure 1). Terrain
heights on the finest grid were obtained by interpo-
lation from a 30" orographic data set provided by the
Geophysical Data Center (Boulder). According to es-
timates of Leutbecher (1998), the shortest horizontal
wavelength resolved by the numerical model is about
10Ax, i.e. about 60 km.

The model uses scaled reference pressure as verti-
cal coordinate. The equidistant vertical resolution Az
amounts to approximately 470 m in every domain.
In total 45 levels are used up to the model top at
50 hPa (= 20 km). There, a radiative boundary con-
dition avoids the reflection of vertically propagating
gravity waves.

Radiative and moist processes are switched off as
the prime concern lies on the dynamics of mountain
wave-induced turbulence at upper levels. The bound-
ary layer is parameterized by a standard bulk formu-
lation (T o< —pu?) whereas turbulent mixing in the
free atmosphere is taken into account by vertical dif-
fusion which depends on the local Richardson num-
ber Ri according to
Ri; —Ri
sz{ Ko+fs——

for Ri < Ri,
for Ri > Ri.,

lc

KO ’
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Figure 1: Model orography of the Alps given in increments of 500 m inside the second nested
computational domain. Locations: Munich (M), Stuttgart (S), Innsbruck (INN), Rhéne valley
(RHO), Milan (MIL) and Udine (UDI). Indicated are the cross-section through the eastern Alps
(Tauern region) and two subdomains shown in Figures 6 and 13. The tics mark the horizontal

grid points with a spacing of 6 km.

where [ = 40 m. The Richardson number Ri is de-
fined as

N2
where
g 0%
N=4/=>—
9 0z
and

1/2
g o\’ n v\ /
~{\oz oz
are the buoyancy frequency N and the magnitude of
the vertical shear S. The critical Richardson number
Ri. = 0.257(Az)*175 and the uniform part of the ver-

tical diffusion Ky = 0.001Az m s~! depend on the lo-
cal vertical mesh size Az.

Two simulations of 48 h and 60 h cover the period
from 9 January 00:00 UTC till 13 January 1996,
00:00 UTC. The initial conditions and boundary val-
ues were prescribed by 12 hourly analyses of the Eu-
ropean Centre for Medium-Range Weather Forecasts
(ECMWEF) with a horizontal resolution of 2.5° in lat-
itude and longitude and 13 levels between the surface
and the 50 hPa pressure level.

3 Model Results

3.1 Synoptic Overview

The long-lasting south foehn event from 7 till 13 Jan-
uary 1996 was caused by a large and stable pres-
sure gradient over Europe. A nearly stationary high
pressure system was situated over eastern Europe
whereas three intense surface depressions (minimum
central pressure: 945 hPa on 9 January) were moving
successively from the North-Atlantic ocean towards
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Figure 2: Surface weather chart on 12 January 1996 00:00 UTC containing station reports and
pressure analysis (increment 5 hPa; adapted from Européischer Wetterbericht).

the north-west coast of Ireland. This synoptic surface
pressure distribution resulted in persistent southerly
winds across the Alps.

As a typical example of the synoptic situation, Fig-
ure 2 represents the surface weather chart of 12 Jan-
uary 00:00 UTC where one of the depressions is lo-
cated west of Ireland. Above the Alpine mountain
range, the foehn-like mesoscale pressure distribu-
tion, i.e. a lee-trough north of the Alps and high pres-
sure (the so-called foehn nose) over northern Italy,
caused strong and gusty low-level winds on the en-
tire lee slope.

Another kind of synopsis is given by the infrared
satellite image of 11 January 1996, 12:18 UTC (Fig-
ure 3). In the west, the bright N-S orientated cloud
band indicates the cold front of the North-Atlantic
low. Over Italy, southerly winds transport moist air
towards the Alps. The blocking produces low-level
clouds covering the up-wind side which can be seen
as uniform grey regions over northern Italy. Down-
stream of the main ridge the descending air dries and
the view is opened on the snow-covered Alpine fore-
land. There, cloud bands (altocumulus lenticularis)
with a range of orientations about NW-SE can be

seen. These clouds are taken to be the visible man-
ifestation of tropospheric lee waves with horizontal
spacing of about 20 km. The cloud gap (also called
foehn window, see Hoinka, 1990) is bounded by a
sharp cloud edge on its north-eastern side.

Optimum upstream conditions for the excitation and
vertical propagation of gravity waves can be deduced
by means of linear wave theory (e.g. Smith, 1977,
Shutts, 1995). The wind speed at crest level must
be high and the wind direction nearly perpendicu-
lar to the mountain ridge for a significant excitation
of gravity waves. The Froude number ¥ = U/Nhy
characterizes the flow regime, where U and N are
the mean upstream wind speed and the buoyancy fre-
quency of the low-level flow, respectively. Essen-
tially, for F > 1 the oncoming flow has enough ki-
netic energy to pass over the crest height A of the
mountain. For F < 1, the flow is partially or totally
blocked and becomes diverted around the mountains
(Pierrehumbert and Wyman, 1985; Baines, 1995).
Moreover, the turning of the wind vector with height
must be small in order to avoid absorption of upward
propagating gravity waves at critical layers where the
phase speed of the wave equals the mean flow speed
(Booker and Bretherton, 1967).
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Figure 3: High resolution infrared NOAA-14 satellite image (channel 4) on 11 January 1996
12:18 UTC (adapted from the regular World Wide Web information provided by University of

Dundee, UK).

During the foehn period, the horizontal wind vec-
tor Vy is nearly perpendicular to the main ridge of
the Alps and its meridional component will be de-
noted by U, . The temporal evolution of the upstream
velocity U, at different levels is derived from ra-
diosonde soundings at Milan (Figure 4a). A marked
increase of the horizontal wind speed at all levels oc-
curs on 8 January afternoon. Afterwards, U, stays
nearly constant until 11 January. Low-level winds at
700 hPa are on average 10 m s~! with maximum val-
ues up to 15 m s~!. In the lower stratosphere, the
wind direction turns from south to west, north-west
above about 200 hPa (= 12 km) in the course of 11
January. This indicates the presence of a critical level
for vertically propagating mountain waves. Observa-
tions of the Udine soundings as a station upstream of
the eastern Alps depict a similar evolution, however,
about 8...10 hours later.

During the persistent period of high tropospheric
winds, the directional shear between the 700 hPa
level and upper levels (400 and 250 hPa, i.e. about
7 and 10 km) is less than 45° (Figure 4b). The strong
low-level winds upstream as well as the weak direc-

tional shear facilitate the excitation and optimal ver-
tical propagation of gravity waves up to about 12 km
altitude. Higher up wave absorption by critical level
is to be expected. Based on these findings, gravity
wave activity is expected in the western Alps from 9
January 06:00 UTC till 11 January 12:00 UTC whilst
in the eastern Alps the wave activity should be pre-
dominant from 10 January 00:00 UTC until the end
of the foehn period considered here.

The airflow is partially blocked in front of the Alps,
i.e. the air flow stagnates or reverses in the bound-
ary layer (see the 925 hPa level in Figure 4a). In Fig-
ure 4c, a local Froude number %, = U, (p)/N(p)
(ho — z(p)) is plotted for different pressure levels.
The average crest height of the Alps is taken to be
ho = 3500 m and N(p) is the background buoy-
ancy frequency. Although the low-level Froude num-
bers ¥, increase during the foehn event, they remain
significantly below 1. The 700 hPa Froude number
reaches values up to 1.8.

As a first estimate, the height of the dividing stream-
line Hg which separates blocked air from air masses
passing the Alps can be calculated by Hg = hy[1 —
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Figure 4: Upstream conditions for Milan during the foehn period. (a): Horizontal wind speed
U, (positive values from south to north) perpendicular to the main mountain ridge at heights of
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shear of the horizontal wind related to the wind direction at 700 hPa, line coding as in (a). (c):

Froude numbers %, = U, (p)/N(p)hp, where hj = 3500 m—z(p) at 925 hPa (------ ), 850 hPa

(------ ),800hPa(--—-—- —)and 700 hPa (

ascents.

U, /(hoN)] (Sheppard, 1956; Snyder et al., 1985).
UsingU, ~10ms~!and N =~ 0.012 s~! as mean val-
ues of the Milan soundings yields Hs = 2700 m. This
is somewhat lower than the height of the 700 hPa-
level (=~ 2.9 km) where %, > 1. Effectively, an air
layer of about 800 m thickness passes over the Alps
and causes the orographic forcing of vertical mo-
tions.

3.2 Regions of Turbulence and Wave
Events

Radiosondes are launched routinely at best every 6
hours. However, the temporal variability of the flow
over mountains is much higher as documented by the
simulated evolution of hourly wind profiles taken at
three model locations MIL, INN and RHO (see Fig-
ure 5).

). Data are taken from 6 hourly radiosonde

The upstream winds (represented by Milan, Fig-
ure 5a) confirm the measurements shown in Fig-
ure 4a: tropospheric winds are southerly, the wind
speed at crest height (i.e. approximately 3500 m) ex-
eeds 10 m s~! and increases with height up to val-
ues of more than 30 m s~! at 10 km during 10 and
11 January. The tropospheric jet weakens during Jan-
uary 11th. In the same period, the stratospheric wind
speed decreases and the wind almost reverses direc-
tion from the troposphere to the stratosphere indicat-
ing a critical level for all stationary mountain waves.
At the end of the foehn event, a weak tropospheric jet
reappears. However, the low-level wind ceases.

In contrast to the upstream conditions, profiles taken
at Innsbruck (Figure 5b) indicate a wave-induced
layer of strong vertical shear (=~ —20 m s~! per
1000 m) at an elevation of about 12 km, the upper
edge of the jet stream. In the low velocity region
above, the wind turns drastically by more than 45°
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profiles do not take into account the horizontal drift
of the balloon which amounts up to 70 ... 100 km.

Therefore, the magnitude of the horizontal wind is .

particularly concerned as small-scale variation of
Vi (mainly produced by wind shift) such as visi-
ble in profiles b, ¢ and d of Figure 10 cannot be
resolved with 470 m vertical grid spacing. In this
way, differences between model and radiosonde pro-
files become larger. Moreover, wavelike structures
with greater vertical wavelength are apparent there,
as well.

Stronger quantitative discrepancies are observed for
the soundings that are launched at Innsbruck just
once a day at 00:00 UTC (Figure 11). For these
soundings only the high resolution temperature data
were available, the wind profiles are plotted at the
markant and standard pressure levels. Innsbruck is
situated in the Inn valley at an altitude of about
580 m. The depth of the Inn valley is not completely
resolved by the model orography. In the mesoscale
model, Innsbruck is located at about 800 m. There-
fore, the soundings start at lower heights compared
to the model profiles.

The modelled temperature profiles at Innsbruck
agree with the observations quite reasonable. Unfor-
tunately, the balloon of the 11 January ascent stopped
the record already at 200 hPa and therefore this
sounding gives no information about the expected
wave structure above the tropopause during the ac-
tive mountain wave period. It may well be that the
balloon burst due to strong CAT. Among other things,
this assumption is confirmed by the observed low
wind speed at this level. It may also be that the sonde
unit automatically interrupted the record due to in-
crease of pressure because the balloon descended for
a while. Altogether, it is likely that the balloon was
trapped in a region of breaking gravity waves.

The model profiles of V5 show a strong tropospheric
jet (see also Figure 5b) which agrees qualitatively
with the measurements. The over-estimation of the
magnitude of the horizontal wind speed at lower lev-
els is an artifact that results from insufficient model
resolution of the orography. In reality, thé Inn valley
will excite gravity waves with horizontal wavelength
of the order of 20 km. These waves are thought to be
responsible for the local deceleration of the flow.

4.2 Aircraft Report Data
Two different data sources of CAT reports from

aircraft are used in this study. Direct pilot reports
(PIREPs) are the classical data source of turbulence

encounters along air traffic routes. Usually, these re-
ports are neither archived by airlines nor by national
weather services for longer times. Fortunately, Aus-
tro Control, the aviation weather service of Austria
stored PIREPs above the eastern Alpine region for
the years 1995 and 1996. Most of the reports come
from medium and large airplanes as A 310, B 737 and
DC 10 crossing Austria and Germany; reports from
Italy, Switzerland and France are not available.

The other source is the archive of automatic reports
from aircraft equipped with Aircraft to Satellite Data
Relay (ASDAR) systems held by the UK Meteoro-
logical Office. Up to now, these systems are exclu-
sively carried by widebodied jets. Reports on mete-
orological conditions are sent every 7 minutes dur-
ing the cruisephase® (Halsey et al., 1997). These re-
ports also include turbulence encounters which are
indicated by O to 3, i.e. none, light, moderate and se-
vere turbulence (Turner, 1997). The advantages of
ASDAR system reports are their regularity and ob-
jectivity, e.g. the CAT index measures the vertical ac-
celeration of the airplane in units of gravitational ac-
celeration g. In contrast, PIREPs depend very much
of the individual feeling of pilots in the respective
small, medium or heavy aircraft.

A composite of all available aircraft reports during
the foehn period is plotted in Figure 12. One can
clearly detect the main air traffic route on the north-
eastern edge of the Alpine mountain range. There,
most of the turbulence encounters are reported at
different flight levels but mainly on levels close to
FL 330, i.e. at approximately 11 km. The absence
of PIREPs over the Western Alps reflects the lim-
ited conclusive power of such a figure due to incom-
plete data sets. The spatial coverage of ASDAR sys-
tem reports is very sparse because just 1% of all air-
craft crossing the Alps per day carries such a system.
Moreover, these airplanes are mostly heavy weight
and turbulence events which may be hazardous to
smaller aircraft are certainly undetected.

Figure 13 shows PIREPs and simulated regions of
turbulence above the eastern Alps on two successive
days. The respective model times are chosen in such
a way that the CAT reports are close to these dates.
The simulated regions where the Richardson number
is less than a quarter coincide very well with the lo-
cation of CAT reports. Additionally, the temporal ex-
tension of the breaking region towards west is rea-
sonably well represented by the mesoscale model.

2 The cruisephase is defined as period when no changes in
height of more than ten feet occur during a three second period
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