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ABSTRACT

High-resolution numerical model simulations over the Alpine region are presented that reveal the presence
of low-level elongated bands of potential vorticity (PV) downstream of high topography. These PV streamers
(or PV banners) occur when the synoptic-scale wind turns into a direction across the Alps. Individual pairs of
banners with anomalously positive and negative values of PV can be attributed to flow splitting, either on the
scale of the whole of the Alps (primary banners), or on that of individual massifs and peaks of the model
topography (secondary banners). The PV bands have amplitudes of up to —2.5 and +5 pvu, a width of 50-150
km, can attain a length of up to 1500 km, and extend in the vertical from the surface up to the 500-hPa level
on occasions. The PV banners are associated with zones of enhanced horizontal wind shear. The analysis of
daily output from the operational NWP model run of the Swiss Meteorological Institute also demonstrates that
such PV streamers are a frequent feature and occur whenever there is appreciable flow past the Alps.

Low-level PV streamers may interact with the larger-scale flow, and thereby represent an intermediary between
the (unbalanced) formation of an orographic vortex, and its (approximately balanced) interaction with the
synoptic-scale environment. This process is analyzed for one particular case of Alpine lee cyclogenesis. Sim-
ulations show that PV streamers may wrap up and subsequently contribute to the low-level PV anomaly within
the developing cyclone. It is suggested that the two phases of Alpine lee cyclogenesis can be interpreted in this
way, that is, as the rapid formation of a low-level orographic vortex followed by its baroclinic and diabatic
interaction with an approaching upper-level trough. To test this interpretation, sensitivity studies with dry dy-
namics, reduced surface friction, and idealized terrain are conducted.

VOLUME 55

1. Introduction

Recent theoretical studies have provided ample evi-
dence for the existence of several regimes in stratified
atmospheric flow past isolated topography. Assuming a
stratified airstream of constant Brunt—V aisalafrequency
N and velocity U, and a frictionless free-slip lower
boundary condition, hydrostatic nonrotating flow un-
dergoes a bifurcation-like transition from the *‘flow-
over” to the *“*flow-around” regime when the dimen-
sionless mountain height is raised past its critical value
NH/U = 1.2 (Smolarkiewicz and Rotunno 1989; Smith
and Gregnas 1993). For mountains beyond the critical
height, the flow field is characterized by the splitting of
the incident flow below peak height and the formation
of vertically oriented vortices to the lee (Smolarkiewicz
and Rotunno 1989; Crook et al. 1990; Schar and Durran
1997). Recent studies also demonstrate that these lee
vortices contain anomalies of potential vorticity, and
that their generation is associated with dissipation, either
by turbulence in hydraulic-jump-like regions of gravity
wave breaking, by “slow diffusion” in the elongated
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recirculating wake, or alternatively by turbulence in the
planetary boundary layer (Schar and Smith 1993a;
Thorpe et al. 1993; Schar 1993; Grubisic et al. 1995;
Smith and Smith 1995; Schér and Durran 1997).

Several recent observational and numerical studies
have analyzed mesoscal e orographic effects in terms of
the aforementioned mountain-flow regimes (Wilczak
and Glendening 1988; Etling 1989; Smith and Grubisic
1993; Thorpe et a. 1993; Clark et al. 1994; Levinson
and Banta 1995; Olafsson and Bougeault 1996, 1997;
Buzzi et a. 1997). Most of this research has focused
upon mesoscal e aspects of flow near steep topography.
However, to the extent that the synoptic-scale flow is
approximately balanced (Hoskins et al. 1985), one also
expectsthat orographically generated PV anomalieswill
subsequently be able to interact with the synoptic-scale
environment, and thereby represent a conceptual inter-
mediary between the (unbalanced) mesoscal e formation
of orographic flow anomalies, and their subsequent (es-
sentially balanced) effects on the larger-scale flow. This
interpretation appears particularly promising for cases
of lee cyclogenesis. Topographic effects can here pro-
vide alow-level source of potential vorticity, which ul-
timately may play a similar role in cyclone formation
as the well-documented diabatic PV source in cases of
explosive maritime cyclogenesis (Whitaker et al. 1988;
Reed et al. 1992).



15 JANUARY 1998

To study the importance of topographic PV streamers
for cyclogenesis, an analysisis here undertaken of low-
level potential vorticity in high-resolution numerical
simulations of an Alpine lee cyclogenesis event. The
synoptic setting of Alpine lee cyclogenesis is charac-
terized by the progression of an upper-level trough and
its associated cold front toward the Alps (Buzzi and
Tibaldi 1978; Bleck and Mattocks 1984). Lee cyclo-
genesis takes place in two phases (Egger 1972; Buzzi
and Tibaldi 1978; McGinley 1982). The first phase is
associated with frontal retardation, a cold-air outbreak
into the western Mediterranean, and the rapid formation
of a shallow vortex over the Gulf of Genoa. During the
second phase the growth rate drops to baroclinic values,
and the structure of the growing cyclone approaches
that of typical extratropical low pressure systems. Nu-
merical simulations of this second phase support the
descriptive interpretations based upon the concept of
upper-level-{ower-level vortex interaction (Hoskins et
al. 1985; Tafferner 1990). The primary effect of the
mountain is thus the first-phase formation of alow-level
vortex (or amplification of a preexisting vortex), while
the second phase can be interpreted as a mere modifi-
cation of classical cyclogenesis.

The af orementioned resemblance of the second phase
to classical cyclogenesis suggests the approximate va-
lidity of the balanced dynamics during that phase. It
then follows from the invertibility principle that any
low-level vortex structure able to contribute to the sec-
ond phase must be associated with (i) a surface thermal
anomaly and/or (ii) alow-level PV anomaly. An inter-
pretation of the first phase must thus seek to explain the
generation of either one or both of these two ingredients.
A well-documented mechanism for the generation of
anomalies of category (i) is the retardation of an ap-
proaching cold front. In effect it resultsin the generation
of an Alpine-scale wake characterized by a warm sur-
face anomaly. The orographic retardation also implies
geostrophic (or balanced) adjustment of the heavily dis-
torted baroclinic configuration, which inducesapressure
drop through upper-level mass-flux divergence (Bleck
and Mattocks 1984; Tafferner 1990) and vertical motion
through Q-vector forcing (McGinley 1982). However,
from the viewpoint of the balanced dynamics it is the
warm low-level air by itself that constitutes the driving
agent of the second phase.

Although some aspects of the cold-air retardation ap-
pear, in principle, amenable in terms of the quasigeo-
strophic dynamics (Smith 1984; Speranza et al. 1985;
Pierrehumbert 1985; Schar 1990), more recent research
on mountain flow regimes suggests that the associated
processes are intrinsically nonbalanced as soon as flow-
splitting occurs. For wide obstacles such as the Alps the
critical mountain height is reduced by the effects of the
earth’s rotation somewhat below the value NH/U = 1.2
guoted above. For instance, for a circular obstacle with
Rossby number Lf/U = 1, the critical mountain height
isgiven by NH/U = 1 (Trub 1993). Thisvalue can easily
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be met by the Alpine setting, and—consistent with this
theoretical analysis—thereis observational evidencefor
low-level flow splitting in the Alpine region during
events of frontal interception (Chen and Smith 1987,
Binder et al. 1989).

The occurrence of flow splitting implies that lee vor-
tices and, of particular interest in the current context,
anomalies of PV might be generated to the lee of the
Alps. The generation of such low-level PV streamers
corresponds to a mechanism for the generation of bal-
anced flow anomalies of category (ii). This mechanism
is not entirely new, but aspects of it have been raised
in several earlier studies. For illustration we reproduce
in Fig. 1 an isentropic hand analysis first shown by
Steinacker (1984) and later by Pichler and Steinacker
(1987). It shows the Montgomery potential (dashed
lines) and pressure height (full lines) of the 292-K is-
entropic surface. Thisisentropic surfaceisentirely with-
in the troposphere in the domain of interest. At thetime
shown, there is strong northerly flow across the Alps.
The associated effects to the lee of the Alps appear
surprisingly similar to configurations seen in experi-
ments of nonrotating flow past idealized topography (cf.
Smolarkiewicz and Rotunno 1989; Schar and Durran
1997). There are two counterrotating vortices with re-
versed flow in between. This surprising resemblance
with nonrotating flows might be helped by the exces-
sively strong northerly flow of this particular event,
which increases the effective Rossby number and thus
makes the flow less rotational.

In agreement with Steinacker’s analysis, several stud-
ies have noted that a pool of low-level vorticity near
the southwestern tip of the Alps often precedes deep
Alpine lee cyclogenesis (McGinley 1982; Frenzen and
Speth 1986; Tafferner 1990; Lanzinger et al. 1991), but
none of these studies have explicitly addressed the ques-
tion whether and by what processes there is a violation
of PV conservation along parcel trajectories. In contrast,
in the tradition of laboratory experiments of salt-strat-
ified flows, the generation of vorticity in the frictional
boundary layer has been investigated and suggested as
a mechanism for Alpine lee cyclogenesis (Boyer et al.
1987; Baines and Steinacker 1987). Inlight of theresults
of Smolarkiewicz and Rotunno (1989), who demon-
strated that lee vortices can form in absence of surface
friction, theinterpretations advanced by theselaboratory
experiments might, however, require revision.

In this study we will examine in detail a case of
Alpine lee cyclogenesis, and focus upon the generation
of low-level PV streamers and their interaction with the
synoptic-scale environment. The study will rely on high-
resolution numerical simulations with a hydrostatic me-
soscale model that is described in section 2. The stan-
dard experiment is then presented in section 3, and this
is followed in section 4 by a range of sensitivity ex-
periments. To reduce the complexity of the flow, an
additional simulation with idealized topography but un-
changed synoptic forcing will be analyzed in section 5.
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Fic. 1. Analysis of the flow around the Alps on the 292-K isentropic surface at 1200 UTC
30 April 1982. The diagram shows the Montgomery potential (dashed lines, interval 10 m) and
the pressure height (full lines, interval 50 hPa). The bold line is the 700-hPa pressure contour.

From Steinacker (1984).

Finally, using output of the operational numerical pre-
diction runs of the Swiss Meteorological Institute we
demonstrate in section 6 that PV streamers to the lee of
the Alps are common and also occur in conjunction with
flow phenomena other than lee cyclogenesis. Some fur-
ther remarks follow in the concluding section 7.

2. Model and overview of numerical simulations

The simulations performed in this study were under-
taken with the limited-area hydrostatic numerical mod-
eling system originally developed by the German
Weather Service (DWD). The low-resolution version of
this model is referred to as Europa-Modell (EM). It has
a horizontal grid spacing of 56 km and is used opera-
tionally by the DWD with a domain covering all of
Europe as well as the northern Atlantic. The high-res-
olution model (HM) is one-way nested into the EM, has
a horizontal resolution of 14 km, and has been derived
from the EM in a collaboration between the DWD and
the Swiss Meteorological Institute (SMI). These insti-
tutions run the HM to provide high-resolution short-
range weather forecasts. A detailed description of the
model can be found in Majewski (1991) and DWD
(1995).

The model is based on the hydrostatic set of equa-
tions. In the horizontal, the atmospheric fields are dis-
cretized in rotated spherical coordinates with the re-
spective resolutions of 0.5° (EM) and 0.125° (HM). The
rotation of the geographic pole permits the use of a
relatively isotropic grid in the geographical region of
interest. In the vertical, a hybrid coordinate system is

adopted such that at low levels the computational sur-
faces are terrain following and thereafter transit with
height to coincide at upper levelswith pressure surfaces.
The model’s prognostic variables are surface pressure,
the horizontal wind components, total heat, and total
water content. The latter two quantities are converted
into temperature, specific humidity, and liquid water
content at each time step, assuming 100% relative hu-
midity in clouds. The discretization is based on finite

FiG. 2. Horizontal domains for the low-resolution EM simulations
(outer frame) and high-resolution HM simulations (inner frame).
Shading shows EM topography with additional contours every 500 m.



15 JANUARY 1998

AEBISCHER AND SCHAR

189

Fic. 3. Horizontal domain of high-resolution HM simulations with (a) topography in the same format as in Fig. 2, and (b) the roughness
length parameter with contours at 0.5, 1.5, 2.5, 4.5, 5.5 m.

differencing with a semi-implicit time-stepping scheme.
For this study, the model was run with Eulerian advec-
tion, a time step of 300 s (EM) and 75 s (HM), and
with 30 computational layers. For the EM simulations,
the top of the model domain is located at p = 0 hPa at
which the vertical motion is set to zero. For the HM
simulations, a KDB-type gravity wave absorber is em-
ployed at the p = 20-hPa level (see Klemp and Durran
1983; Bougeault 1983). The implementation of this ab-
sorber in pressure coordinates is due to Herzog (1995).

Here relevant parameterizations include a surface-
layer formulation (Louis 1979), a boundary layer and
turbulence formulation with a second-order closure
scheme of hierarchy level 2 (Mellor and Yamada 1974,
Miuller 1981), grid-scale cloud microphysics of Kessler
typeincluding a parameterization of theice phase, moist
convection in mass-flux formulation (Tiedtke 1989), a
radiative transfer formulation (Ritter and Geleyn 1992),
and a fourth-order horizontal diffusion scheme.

The domains used in this study are shown in Fig. 2
along with the low-resolution EM topography. The EM
domain covers most of Europe and a large fraction of
the North Atlantic, while the high-resolution HM do-
main zooms into the Alpine region. Figure 3 shows the
standard setting (topography and roughness length) for
the high-resolution HM runs. Both the EM and HM

topography are mean topographies. However, some
smoothing was applied to the HM topography in order
to reduce poorly resolved small-scale gravity wave ac-
tivity. This smoothing led to a reduction of the maxi-
mum topographic height from 3132 m to 2806 m.

The atmospheric data fields for the initial and lateral
boundary conditions for the EM are derived from ini-
tialized European Centre for Medium-Range Weather
Forecasts (ECMWF) analysis fields. Details of the as-
sociated technical procedures are given in Majewski
(1985). The HM is one-way nested into the EM. At the
lateral boundaries the models are driven using relaxation
boundary conditions (Davies 1976). The relaxation
zones have a width of eight grid points, and the bound-
ary updating frequencies are 6 h and 3 h for EM and
HM, respectively.

The simulations discussed in this paper are listed in
Table 1. For al HM runs, the EM standard simulation
(EMS) was used for supplying initial and lateral-bound-
ary data, except for the HM runs with idealized topog-
raphy, which are driven by separate EM simulations.
All diagnostic computations are carried out on model
surfaces and are interpolated to horizontal and vertical
sections for display. Most of the analysis was conducted
at a temporal resolution of 1 h, but here attention is
restricted to a selection of diagrams.

TaBLE 1. List of simulations presented in this paper. Simulations with name-prefix EM and HM use horizontal resolutions of 56 km and
14 km, respectively. The two rightmost columns give the maximum topographic height and roughness length over the Alps.

Driving Niopo Z0
Simulation model Section Purpose (max) (max)
EMS ECMWF 3a Standard simulation 2539 m 494 m
HMS EMS 3b Standard simulation 2806 m 745 m
HMD EMS 4a Dry dynamics 2806 m 745 m
HMM EMS 4b Smoothed topography 2138 m 4.34 m
HMR EMS 4c Reduced roughness length 2806 m 0.001 m
EMI ECMWF 5 |dealized topography 2521 m 473 m
HMI EMI 5 Idealized topography 2761 m 747 m
HMID EMI 5 Idealized topography and dry dynamics 2761 7.47 m




190

S

a) EMS +12h

’\! 7
’ )

JOURNAL OF THE ATMOSPHERIC SCIENCES

VOLUME 55

. v VAT

20

e N

o v o i Ol
i

s gy g
o e LG

Lo oLl
T s P

.‘\\{\\Hﬂ—é//)/;

P e e T e SR R R

FiG. 4. The synoptic evolution depicted in terms of the EM simulation starting at 1200 UTC 4 December 1992. Left-hand panels show
the 850-hPa geopotentia (solid contours, interval 20 gpm) and temperature (dashed contours every 1 K and shading every 2 K). Right-hand
panels show the wind vectors (plotted every third grid point) and potential vorticity on the 315-K isentropic surface. Contours of PV are
drawn at 0, 0.6, 1.2, 2, 3, 4, 5, 6, 7, 8 pvu, and the 2-pvu contour indicating the tropopause is plotted heavy solid. The unit vector of 20

m st is shown in a box at the bottom right of panel (b).

3. The standard simulation

Consideration is given to the Alpine lee cyclogenesis
event on 4—6 December 1992. The event was selected
for study since it shows a rapid and deep development
of alee cyclone within 24 h, and since there is a pro-
longed period of northerly flow past the Alpine massif
following cyclogenesis. All simulations were initialized
at 1200 UTC 4 December and integrated over 48 h.
Here we proceed by discussing the synoptic-scale evo-
lution in the 56-km resolution EM S standard simulation,
comparing it with objective and operational hand anal-
ysis of the development, and then turn to the discussion
of the 14-km HM standard simulation (HMS).

a. Synoptic-scale evolution

To illustrate the simulated synoptic-scale develop-
ment of the EMS run, Fig. 4 shows the geopotential
height and temperature fields on the 850-hPalevel (left-
hand panels), and the 315-K isentropic potential vor-
ticity (right-hand panels). Diagrams are shown for fore-
cast times 12, 24, 36, and 42 h. The last output time is
selected for reference with later analysis.

At 0000 UTC 5 December, a mature cyclone is mov-
ing toward Scandinavia (Fig. 4a) and the associated cold
frontal system is about to reach the Alps. This system
is embedded in a large-amplitude upper-level trough, as
illustrated by the PV distribution on the 315-K isentro-
pic surface (Fig. 4b). The subsequent development is
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associated with the deepening of the upper-level trough
(Fig. 4d), a pronounced cold-air outbreak into the west-
ern Mediterranean Sea, and the formation of a cyclone
in the 850-hPa geopotential (Fig. 4c). Initially isolated
centers of the cyclone are visible in the geopotential on
both sides of the Alps, suggesting that the cyclone is
approximately centered over the main ridge. By 0000
UTC 6 December, the low-level cyclone to the south of
the Alps has intensified and has moved eastward toward
the Adriatic Sea (Fig. 4e). To the rear of the cyclone
there is strong northerly flow past the Alps. At the same
time, the upper-level PV streamer shows some signs of
roll-up (Fig. 4f). Toward the end of the simulation, the
secondary low pressure center to the north of the Alps
strengthens and overpowers the one to the south (Fig.
49).

Although the pressure drop in the center of the lee
cyclone is somewhat overestimated (see Fig. 5), the
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4. (Continued)

simulated synoptic-scale development is consistent
with observations. For illustration, operational
ECMWEF analysis fields are shown in Fig. 6 at 0000
UTC 6 December. These areto be compared with Figs.
4e,f of our simulation. Comparison reveals that the
formation of the lee cyclone, its progression over It-
aly, and the subsequent phase of northerly flow iswell
captured by the model, except for some minor dif-
ferences in the horizontal scale and strength of the
low, and a slight displacement of the upper-level PV
maximum toward the north. The simulated surface
pressure distribution for the same time is shown along
with the DWD surface chart in Fig. 7. The two pres-
sure patterns and the frontal systems reveal good
agreement. At upper levels, both the ECMWF analysis
and the simulated 500-hPa field show the formation
of a cut-off low at or shortly before 0000 UTC 6
December.
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Fic. 5. Evolution of mean sea level pressure in the center of the developing cyclone for ECMWF analysis data (squares) and several
simulations initialized at 1200 UTC 4 December 1992 (see code).

b. Mesoscale evolution

Next we now zoom into the inner computational
domain and discuss the results of the 14-km resolution
standard simulation HMS. Figure 8 shows the evo-
lution of the 850-hPa geopotential height and tem-
perature (Ieft-hand panels) along with the distribution
of the potential vorticity (right-hand panels) on the
same level. The first row of panelsis at simulation
time +12 h and shows the cold front aligned roughly
with the Pyrenees and the main Alpine crest. Hand
analysis (Berlin weather map) shows the first closed
low in the MSL pressure at the southwestern edge of
the Alps on 0600 UTC 5 December, but the opera-
tionah ECMWF analysis suggests—consistent with
our simulation—that it occurred somewhat earlier and
immediately to the east of the Pyrenees (cf. Fig. 8a).
At about the same time, there is a cold-air outbreak
into the Mediterranean associated with strong north-
erly Mistral to the west of the Alps. The associated

air parcels turn cyclonically over the Gulf of Genoa
(Figs. 8c,d). Orographic mesoscale features worth
noting include the foehnlike dips in the geopotential
to thelee of theisland of Corsica, the Apennine moun-
tains in Italy, and the Dinaric Alps in Slovenia and
Croatia. The isotherms in Fig. 8c also suggest that
there is cold frontal retardation by the Alps and later
by the islands of Corsica and Sardinia. Within the
arch of the Alpine topography, a closed circulation is
visible. Subsequently, the 850-hPa low strengthens
and then moves eastward (Fig. 8e) until it reaches the
Adriatic Sea (Fig. 8g). At the time of the last two
panels, there is a tremendous pressure contrast across
the Alps, which at 850 hPa amounts to 60 gpm.
The distribution of PV on the 850-hPa level is
shown in the right-hand panels of Fig. 8. The dark
shaded areas (full contours) indicate regions with PV
> 0.6 pvu (1 pvu = 10°* m2 K kg* s*), which is
well above typical tropospheric values, while light
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Fic. 6. Asin Fig. 4ef but for the verifying operational ECMWF analysis.
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FiG. 7. Mean sea level pressure at +36 h according to (a) the EMS simulation and (b) the hand analysis of the German Weather Service.
Contours are shown every 5 hPa. Dashed lines in (@) are 850-hPa isotherms with a contour interval of 2 K, and the shaded areas indicate

topography above 1000 m.

shaded areas (dashed contours) show regions with
negative PV. In addition, 850-hPa wind vectors are
superimposed. Three classes of PV anomalies can be
identified. First, there are some cold frontal PV fea-
tures (see in particular Fig. 8b) that are advected into
the domain and are presumably of diabatic origin.
Second, when the flow turns into a direction across
the Alps or the Pyrenees (see Figs. 8f,h), elongated
anomalies of positive and negative PV become ap-
parent that are associated with flow splitting. Follow-
ing Smith and Smith (1995), these will be referred to
as '"'PV banners.” Third, toward the end of the se-
guence, the core of the cyclone is associated with a
positive anomaly of PV (Fig. 8h) that is associated
with diabatic processes (see later).

The first notable PV banner on the 850-hPa level
is located to the east of the Pyrenees (Fig. 8b), and
coincides with the initial closed surface low referred
to above. The location of this banner and the asso-
ciated surface low is in a preferred region for the
formation of mesoscal e M editerranean vortices (Jansa
et al. 1994). Later the associated PV feature merges
with the strongest PV banner that starts near the south-
western edge of the Alps and curves cyclonically
around the developing low-pressure system (Figs.
8d,f). At later times, when the synoptic wind turns
into a direction across the Alps, numerous additional
banners form (Fig. 8h). Analysis of space-time con-
tinuity at high temporal resolution shows that the con-
servation of potential vorticity along parcel trajec-
toriesis violated in comparatively small regions over
the topography, and that the streamers are the result
of essentially adiabatic advection of PV anomalies by
the ambient wind. The PV banners reach their full

extent 42 h after the start of the simulation (Fig. 8h).
At this time they attain a length of up to 800 km and
have a width of about 50 km. This width corresponds
to about four grid points, and is thus determined by
the numerical resolution of the model. This critical
aspect will further be discussed in the concluding sec-
tion. Similarly, the number of PV banners depends on
the resolution of the model topography. It is thus use-
ful to distinguish between the outermost major PV
banners, which encompass the Alpine wake and are
the result of Alpine-scale flow splitting, and the ad-
ditional banners, which result from flow splitting (and
wave breaking) at smaller-scale topographic features.
These two types of banners will subsequently be re-
ferred to as ‘' primary’’ and ‘‘secondary’’ banners, re-
spectively.

Individual pairs of positive and negative PV ban-
ners can be attributed to peaks in the model topog-
raphy. Note for instance the banners leading away
from the Monte Rosa massif, whose location is in-
dicated with an arrow in Fig. 8f. Looking downstream,
a negative (positive) banner of PV formed to the left
(right) of the massif. The underlying processes of for-
mation will further be addressed in the next section.
The PV banners as described above are not only ob-
served to the lee of Alpine peaks, but also near other
topographic obstacles, for instance, to the lee of the
Pyrenees (see Fig. 8f) or the island of Corsica (see
Fig. 8d).

It is of interest to compare the above results with
the operational ECMWEF analysis with spectral res-
olution T213, and an effective resolution which is
about five times smaller than that of our HM simu-
lations. Therelevant ECMWF fields are shown in Fig.
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Fic. 9. Asiin Fig. 8ef but for the verifying operational ECMWF analysis.

9 at 0000 UTC 6 December, in the same format as in
Fig. 8. The larger-scale patterns of the surface pres-
sure distribution compare well (cf. Fig. 9a and Fig.
8e), but the mesoscale features and associated pres-
sure gradients (e.g., those associated with foehn-like
flow over the Apennine mountain range) are much
weaker developed in the ECMWF analysis. The dis-
tribution of PV in the ECMWEF fields agrees with the
HMS simulation concerning the location and approx-
imate shape of the positive PV anomaly in the center
of the low, and the primary PV banner forming at the
southwestern Alpine tip (cf. Fig. 9b and Fig. 8f).
However, as a result of the smaller resolution, the
secondary PV banners are not resolved.

To gain further insight into the three-dimensional
structure, the upper panels of Fig. 10 show zoomed
views of the potential vorticity distribution at the
same time as Fig. 8h, but on the 900- and 700-hPa
levels, respectively. The strongest positive banner is
the primary banner, which emanates from the south-
western Alps. It separates the strong northerly mistral
wind to the west (with velocities up to 24 m s—*) from
the wake fluid to the east (with vanishing or slightly
reversed flow, see Fig. 10a). Note also the flow past
the model’s representation of the Gotthard gap of the
Alpine topography (indicated by the arrows in Figs.
10a,b). The north foehn within and to the lee of this
gap is much stronger than in the regions shielded by
higher topography (see Fig. 10b). The ** Gotthard jet”
is associated with a positive (negative) banner of PV
to the left (right) when looking downstream, and it

—

FiG. 8. The low-level mesoscale evolution in the HMS simulation.
Left-hand panels show the 850-hPa geopotential (solid contours, in-
terval 10 gpm) and temperature (dashed contours and shading). Right-
hand panels show wind vectors (plotted every fourth grid point) and
potential vorticity (shading) on the 850-hPa surface. Light shaded
areas and dashed contouring indicates negative PV values (contours
at —2, —1.2, —0.6, 0 pvu), while contours with PV > 0.6 pvu are
dark shaded with solid contouring (at 0.6, 1.2, 2, 3, 4, 5 pvu). The
heavy lines denote topographic height at 1000 and 2200 m.

can be tracked downstream on the 700-hPa level for
several hundred kilometers, both in terms of the wind
and the PV fields. The positive banner to the left spi-
rals into the center of the cyclone and thus appears
to feed the associated cyclonic low-level PV anomaly.

Consider next the vertical section in Fig. 10d,
which is aligned in the W—E direction and cuts across
the western portion of the Alps and approximately
perpendicular across several PV banners. The banners
have maximum strength at levels between 850 and
900 hPa, but the PV anomalies extend up to the 600-
hPa level. Away from the topography, the maximum
amplitudes of the banners correspond to between
—2.5 pvu and +5 pvu. The section also shows that
the bannerstilt westward with height, which isaresult
of differential advection.

The S-N cross section in Fig. 10c cuts along the
positive PV banner associated with the Gotthard gap.
The flow in the section is from right to left. The is-
entropic distribution suggests strong north-foehn de-
scent of upper-level air to the south of the Alps. Fur-
ther to the lee, the isentropes relax approximately to
their original level in a hydraulic-jump-like fashion,
indicating strong gravity wave activity and possibly
breaking (or the model’s representation of this pro-
cess). Most of the PV banners originate approximately
from mountaintop height or somewhat below, sug-
gesting that the PV is primarily generated in con-
junction with flow splitting. The presence of some
notable PV anomalies at even higher levels (see also
Fig. 10b), however, indicates that gravity wave break-
ing in the free troposphere (over the adjacent moun-
tain peaks of the section in Fig. 10c) contributes to
their generation as well. The vertical sectionsin Fig.
10 also depict the upper-level stratospheric intrusion
associated with the PV trough earlier discussed in Fig.
4h,

4. Further analysis and sensitivity experiments

In this section we present a range of sensitivity
experiments that are designed toward identifying the
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Fic. 10. Horizontal sections asin Fig. 8h but in a zoomed format and on (a) the 900-hPa level with winds on 10 m, and (b) on the 700-
hPa level. Wind vectors are shown every second grid point. Lower panels show vertical sections for (c) a south—north cross section and (d)
and a west—east cross section. Vertical sections also show potential temperature (contour interval 2 K). For locations of sections see panels

(@ and (b).

dynamical processes responsible for the formation of
the PV banners. The major questions relate to the
effects of condensation, surface friction, and hydrau-
lic-jump-like dissipative processes associated with
flow past complex topography.

a. Effects of moist dynamics

It has been recognized for some time that latent
heating can induce the formation of low-level PV
anomalies and thereby contribute to and interact with
frontogenesis and cyclogenesis (Emanuel et al. 1987;
Hoskins et al. 1985). Here we thus determine the con-
tribution of moist dynamics to the low-level PV dis-
tribution found in the previously discussed simulation

results. We start by giving consideration to the moist
aspects of the HMS simulation. To this end, Fig. 11
shows simulated and observed 24-h accumulated pre-
cipitation fields prior to 0600 UTC 6 December. The
objective analysis in Fig. 11b is based on a prelimi-
nary version of a high-resolution Alpine-wide pre-
cipitation dataset (Frei and Schar 1997). This dataset
contains several thousand rain gauge observations
with daily resolution. Overall the simulation agrees
well with the analysis, thus suggesting that the moist
aspects are sufficiently well simulated to addresstheir
effects upon the low-level distribution of PV. Perti-
nent features to note in Fig. 11 include the fairly dry
conditions to the north, and the precipitation maxi-
mum in the southeastern Alps. This precipitation max-
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Fic. 11. Accumulated 24-h precipitation prior to 0600 UTC 6 December for (a) simulation HMS and (b) an objective analysis from a
network of ~3000 rain gauge stations (see Frei and Schar 1997). The output of the model has been smoothed in order to be compatible
with that of the objective analysis (i.e., 0.25°). Note that the diagrams cover only a part of the computational domain.

imum is associated with a southerly stream of moist
air ahead of the lee cyclone and is typical for Alpine
lee cyclogenesis eventsin the autumn and early winter
season. The amplitude of the maximum is well cap-
tured by the model, but it is displaced somewhat west-
ward. Note the absence of strong precipitation in the
western Alps. The absence of moist processes to the
south of the Alps except ahead and in the immediate
vicinity of the lee cyclone is also confirmed by the
relative humidity field (see Fig. 12). It shows humid
conditions to the north and east of the Alps, and the
relative humidity in the core of the developing cy-
clone is near saturation. However, most of the Alpine
wake is associated with relative humidity values
<40%. Note also that the dry wake is not confined
to the west by the westernmost positive PV banner
(cf. Fig. 8f) but does extend farther west. This con-
figuration is the result of adiabatic warming and dry-
ing within the descending north foehn over the main
ridge and the western flank of the Alpine topography.
The PV banners behind the cyclone thus almost ex-
clusively formed in the dry foehn area to the lee of
the Alps, suggesting that moist processes played a
minor role in their formation.

To further examine the effects of latent heating, a
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Fic. 12. Relative humidity on the 850-hPa level for simulation
HMS.

dry numerical experiment was conducted. For this
purpose all moisture was completely removed from
theinitial and lateral boundary conditions. Otherwise
the dry simulation (HMD) is driven by the EMS sim-
ulation; thus the PV features entering the domain are
as in the HMS simulation. Results from the dry ex-
periment are shown in Fig. 13 at time t = 24 and 36
h. Comparison with Fig. 8 shows that cyclogenesisis
substantially stronger in the moist simulation. Thisis
also confirmed by the time-trace of the core pressure
(cf. Fig. 5). At the same time, the dry lee cyclone
follows a track somewhat farther south as compared
to its moist counterpart.

Figure 13b shows that also in the dry simulation a
primary PV banner was generated at the southwestern
Alpine tip. Comparison with Fig. 8 does, however, show
that it is substantially weaker than in the standard run.
Consistent with this, Fig. 13d shows that at a later time
the pronounced low-level PV anomaly in the core of the
cyclone is absent in the dry simulation (cf. with Fig. 8f).
Together this clearly demonstrates that moist processes
play an important role in the spinup of the cyclone and
in the formation of its low-level PV reservoir, although
it is not the primary mechanism since the cyclone forms
also in the dry experiment. This finding is in agreement
with other numerical experimentsthat have demonstrated
the importance of moist dynamics for Alpine lee cyclo-
genesis (e.g., Dell’Osso and Radinovic 1984; Kuo et al.
1995).

In contrast to the cyclone itself, the PV banners that
develop in the northerly flow behind the cyclone are not
appreciably affected by moist processes. In the dry sim-
ulation, their horizontal length scale is substantially re-
duced as compared to the HMS run, but this is a mere
side effect of the weakened synoptic-scale circulation
across the Alps and is not linked to moist processes in
the formation of the PV banners itself.

b. Effects of complex topography

The results in section 4 suggest that each pair of
positive—negative PV banners is associated with a peak
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Fic. 13. Asiin Figs. 8c—f but for simulation HMD with dry dynamics.

in the model topography. To verify this hypothesis, an
additional high-resolution simulation (HMM) was car-
ried out. This simulation isidentical to the standard run
HMS except for the topography, which was subjected
to some smoothing with a mass-conserving operator.
The purpose of the smoothing wasto simplify theterrain
and reduce the number of model peaks. After 16 ap-
plications of the standard first-order smoothing operator,
the resulting terrain is similar to the one used in the EM
simulation, and only two shallow peaks remain in the
topographic body of the Alps with a maximum altitude
of 2138 m (cf. to 2806 min HMS). Theroughnesslength
was smoothed in the same manner as the topography
leading to a maximum value of 4.34 m over the Alps.
In the HMM integration (not shown) the large number
of PV banners of Fig. 8f is reduced to two pairs, each
consisting of one positive and one negative banner. Each
of the two pairs of banners is associated with one of
the two remaining model peaks. However, the evolution
and the movement of the lee cyclone as well as the
shape and extent of the PV in its center is in good
qualitative agreement with the standard HMS simula-
tion, although the reduced height of the Alps leads to
a slightly weaker development.

The experiment with smoothed topography thus sup-
ports the idea that the production of the PV bannersis
related to flow splitting at individual peaksin the model
topography. In addition, the good agreement between

the lee cyclones of the HMM and HMS simulations
suggests that the devel opment of the cycloneisnot over-
ly affected by the secondary PV banners. However, the
primary PV banners form irrespective of the details in
the underlying topography, and—as to be discussed in
section 6—can provide low-level PV to the growing
cyclone.

c. Effects of surface friction

The formation of orographic vortices and shear lines
was originally related to surfacefriction, wherevorticity
and potential vorticity is created at the intersections of
isentropic surfaces with the topography, and reaches the
interior of the flow by the separation of the frictional
boundary layer (see, e.g., Snyder et al. 1985; Wilczak
and Glendening 1988; Thorpe et al. 1993). However,
numerical studies with idealized obstacles show that
vertically oriented vorticity can be generated to the lee
of the mountain by thetilting of baroclinically generated
vorticity into the vertical, and in absence of surface
friction (Smolarkiewicz and Rotunno 1989). This mech-
anism would lead to vorticity anomalies free of potential
vorticity, but potential vorticity anomalies can be cre-
ated by hydraulic-like effects (Schar and Smith 19933,
Schér and Durran 1997).

The relative contribution of the frictional and hy-
draulic processes was studied in the context of shallow-
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Fic. 14. Asin Figs. 8ef but for smulation HMR with reduced roughness length.

water flow (Grubisic et al. 1995; Smith and Smith 1995).
For this simplified flow system, the effects of surface
friction scale with a dimensionless parameter that is
proportional to the horizontal scale of the mountain.
Frictional (hydraulic) effects thus dominate the flow re-
sponse for obstacles of large (small) horizontal extent.
For typical atmospheric parameters, break even between
the two processes is at a horizontal scale of approxi-
mately 1000 km. On the one hand, this critical length
scale corresponds roughly to that of the Alps, and one
might conclude that PV in flow past the Alpsis heavily
affected by turbulence in the frictional boundary layer
and momentum exchange with the underlying surface.
On the other hand, however, our model topography is
characterized by numerous small-scale topographic fea-
tures, and the analysis of Grubisic et al. thus suggests
that the PV banners in our simulation could primarily
be related to hydraulic-like effects.

In order to determine the source of the orographic
PV, the HM S simulation was repeated but the roughness
length over land was reduced to a constant value of

“a) HMR +42h |0

E

0.001 m. This value corresponds to that of a calm sea
surface and is smaller by several orders of magnitude
than that employed in the standard simulation (see Fig.
3b). Results from the corresponding experiment (HMR)
are shown in Fig. 14 at forecast time +36 h. With re-
duced roughness length, the core pressure of the de-
veloping cyclone is substantially lower and its structure
isof smaller scale (cf. Fig. 14awith Fig. 8€). This aspect
can also be observed in the time trace of the surface
pressure minimum earlier shown in Fig. 5. The positive
and negative PV featuresin Fig. 14b neverthel ess show
a remarkable similarity with those of the HMS simu-
lation (Fig. 8f), although they are in general somewhat
stronger with amplitudes up to 9 and —5.5 pvu, re-
spectively.

Figure 15 shows vertical sections of PV and potential
temperature. Overall, the situation is qualitatively sim-
ilar to the HMS simulation (cf. Fig. 10), but the PV
banners have a tendency to be closer to the ground in
the HMR simulation. The low-level wind speeds are
substantially increased, which in turn leads to more pro-

Fic. 15. Asin Fig. 10c,d but for simulation HMR with reduced roughness length.
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nounced gravity wave activity and foehn features. Note,
for instance, how the hydraulic-jump-like structure in
Fig. 15a is displaced farther downstream as compared
to Fig. 10c.

The substantial enhancement of the foehn flow with
reduced surface friction is consistent with idealized nu-
merical simulations of the phenomenon (cf. Richard et
al. 1989; Miller and Durran 1991). Miller and Durran
demonstrated that the inclusion of surface friction into
a numerical experiment with free-slip lower boundary
conditions leads to a drastic reduction of the foehn re-
gion, aresult that isin good qualitative agreement with
our results for reduced surface friction. Georgelin et al.
(1994) also provided evidence that observed gravity
wave amplitudes are substantially overestimated
throughout the troposphere when a too low roughness
length is employed, and they suggest one should par-
ameterize effects of subgrid-scale topography by using
a dynamically adjusted roughness length.

In our simulation with reduced surface friction, the
strength of the low is subtantially overestimated, sug-
gesting that the spindown of orographic vorticesand lee
cyclones is sensitive to the formulation of the surface
fluxes of momentum. Interestingly, however, an addi-
tional simulation with an increased roughness length
beyond the values used in the HMS run leads to neg-
ligible changes in the strength of the surface low.

An additional experiment was also performed using
afree-slip lower boundary condition, where all the sur-
face fluxes were completely switched off. This exper-
iment confirmed the sensitivity of the foehn flow, but
produced very similar PV banners as in simulation
HMM with reduced roughness length. Overall this sug-
gests that the PV banners form irrespective of the pres-
ence of a boundary layer, and thus by a hydraulically
dominated mechanism (see Schar and Smith 1993z
Schér and Durran 1997).

The results from the above sensitivity study can be
compared with Thorpe et al. (1993). The low-level PV
features in their numerical experiments of flow past an
idealized and smooth obstacle of Alpine size showed a
much stronger sensitivity with respect to theformulation
of the lower boundary condition than in our experi-
ments. There are at least two reasons that could possibly
account for these qualitative differences. First, Thorpe
et al. used smooth idealized topography, free of small-
scale details. According to the results of Grubisic et al.
(1995), one would thus expect a substantially stronger
frictional impact. Second, the experiments of Thorpe et
al. were carried out near the bifurcation-like regime-
boundary between the flow-over and flow-around re-
gimes, possibly increasing the sensitivity of the flow
response with respect to small changes of the control
parameters.

5. Idealized topography and relation to lee
cyclogenesis
The real-case numerical experiment discussed in sec-
tion 4 suggests that orographically generated low-level
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PV contributes to the formation of the initial low-level
leevortex. The resulting feedbacks on the synoptic-scale
circulation might be described in terms of the balanced
dynamics. However, a complicating factor is the pres-
ence of a large number of small-scale PV streamers.
Since the balanced far-field effects of two neighboring
streamers of opposite sign cancel one another, one ex-
pects that the initial low-level development of the lee
cyclone is affected by the primary PV streamers, which
emanate at the flanks of the Alpine-scale topography
irrespective of its resolution, rather than by the second-
ary streamers associated with finescal e topographic de-
tail. The purpose of this section is to study the effects
of the primary PV streamers in isolation. To this end,
an idealized simulation was undertaken where the to-
pography is replaced by smooth elliptic bodies repre-
senting the Alps and the Pyrenees, but the simulation
is still driven by the observed lateral boundary condi-
tions as derived from the ECMWF analysis. In effect,
this procedure retains the synoptic-scale evolution, but
removes the secondary orographic PV streamers and
some other small-scale features observed in the simu-
lations of section 4.

The idealized topography of the Alps and the Pyre-
nees is based on suitably aligned bell-shaped elliptic
topographic bodies. To represent the elongated ridge and
the steep slopes that rise abruptly from the European
continent, the top and bottom part of the smooth bell-
shaped topographies were cut off. This yields

h
(1 + (x/@)? + (y/b)?)¥?

|

where the selected parameters for the Alps (the Pyre-
nees) are h,, = 2770 m (2000 m), hypuom = 1600 M
(2000 m), h = 5700 m (4700 m), a = 23° (13°), and b
= 4.5° (3.3°). The resulting obstacles measure at their
base 1020 X 207 km (422 X 120 km). The kinks in
the so-defined model topography were smoothed with
five applications of the standard filter, thus leaving a
final height of the topography as listed in Table 1. The
roughness length over land was chosen proportional to
the topographic height with a maximum value of 7.47 m.

Since the topography in the HM domain is apprecia-
bly changed, the initial and lateral boundary data for
the high-resolution run HMI were supplied by a cor-
responding low-resolution run EMI with essentially the
same idealized topography, rather than the standard | ow-
resolution run EMS.

The results of experiment HMI are shown in Fig. 16.
With idealized topography, the development of the lee
cyclone is qualitatively similar as in the standard ex-
periment shown in Figs. 4 and 8. Cyclogenesis takes
place at the western portion of the idealized Alpine to-
pography, and the cyclone then propagates into a south-

z= min{hmp, max

—h 0

bottom 1
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Fic. 17. Asin Fig. 16f,h but for the ssmulation HMID with idealized topography and dry dynamics.

eastern direction toward the Adriatic Sea. The HMI de-
velopment is slightly stronger than in the standard HM S
simulation. The simplified topography facilitates the in-
terpretation of the low-level PV field. In particular, the
large number of PV banners observed in the standard
simulation (cf. Fig. 8, right-hand panels) has vanished.
The remaining primary PV banners are associated with
flow-splitting past the whole of the idealized Alpine
topography. Att = +12 h, there is a positive PV banner
trailing downstream from the Pyrenees that contributes
tothelow-level PV distribution. Att = +24 h additional
orographic PV from the western flank of the idealized
Alpine topography contributes to the low, and isfinally
shed into the flow (t = +36 h) while further growing
by diabatic processes (see below). Following this stage
of minimum central MSL pressure, the lee cyclone
weakens asit driftstoward the Adriatic Sea, but it main-
tains a well-defined core of positive PV.

Toisolatethe effects of dry orographic PV generation,
an additional integration was conducted using the ide-
alized topography but dry dynamics (experiment HMID,
see Fig. 17). In qualitative agreement with the discus-
sion in section 4a, the low-level circulation in the dry
cyclone is substantially weaker than in its wet counter-
part (on the 850-hPalevel by ~50 gpm), and the second-
phase high PV air found in the center of the moist cy-
clone is primarily of diabatic origin (cf. Fig. 16f,h).
However, even in the dry simulation there is a pro-
nounced PV banner emanating from the southwestern
tip of the idealized topography that is of substantial
strength and horizontal extension. The power of oro-
graphic processes is also demonstrated by the presence
of pronounced negative PV banners (see Figs. 16f,h and
Figs. 17a,b), since negative low-level PV cannot be gen-
erated by diabatic heating.

The numerical experiments thus show that orograph-
icaly generated PV anomalies contribute to the PV
anomalies present within or near the low pressure center
of the developing cyclone. It is also worth noting that
Figs. 16f,h show a remarkable qualitative resemblance
with depictions of vortex shedding in idealized numer-
ical experiments, although background rotation, baro-

clinicity, and diabatic processes are important factors
for the present development. As discussed in the intro-
duction, several observational and theoretical studies
have viewed Alpine lee cyclogenesis as the result of a
two-phase mechanism. Here we interpret the first phase
as being associated with the (unbalanced) formation of
an orographic vortex in a fashion that is qualitatively
comparable to vortex formation in barotropic flow past
isolated topography, while the second phase of cyclo-
genesis is dominated by the (balanced) baroclinic in-
teraction of the first-phase orographic low-level PV
anomaly with the preexisting upper-level PV anomaly
that enters the Alpine region.

6. Analysis of low-level PV from high-resolution
NWP runs

In the previous section we have analyzed in some
detail one particular case of Alpine PV banners. In the
current section, evidence is presented that the formation
of low-level PV anomalies in flow past the Alps is nei-
ther a rare phenomenon at all, nor is restricted to cy-
clogenetic conditions. As an ideal data source, the out-
put of the operational NWP runs of the Swiss Meteo-
rological Institute is employed. The raw data of the
output has generously been provided by the SMI, and
has been analyzed at our institute on a daily basis since
January 1995. The underlying model is the same HM
model as that used in the previous sections, but it is
used with a substantialy larger domain, driven by the
operational EM run of the DWD, makes use of the semi-
L agrangian advection scheme, and does not employ the
upper-level gravity wave absorber. The integration time
for these simulations corresponds to 48 h.

Here we restrict the discussion to the four spectacular
cases shown in Fig. 18, al of which occurred between
January and April 1995. The panels are in the same
format as the earlier low-level PV diagrams. The oro-
graphic banners observed in the operational HM sim-
ulations develop within the first 6 h of integration time,
which is the time the models needs to develop its small-
scale structuresfrom theinitial lower-resolutionanalysis
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Fic. 18. The PV field and wind vectors on 850 hPa for selected situations from the operational HM simulation of the Swiss Meteorological
Institute. The panels show (a) an elongated positive PV banner originating from the Pyrenees and extending as far as Scotland, (b) wavelike
structures in a pair of PV banners originating at the Pyrenees, (c) PV banners to the north of the Alps associated with a strong foehn event,
and (d) a PV banner at the southwestern edge of the Alps associated with strong Mistral immediately prior to the formation of alee cyclone.

The contouring is the same as in Fig. 8.

data. Once the banners are formed they grow, depending
on the incident flow at the topography. In general the
36-h forecast and the 12-h forecast of consecutive NWP
runs reveal reasonable agreement, but the 36-h forecast
exhibits longer bands as aresult of the longer advection
time.

The first case shown in Fig. 18a illustrates the situ-
ation at 1200 UTC 10 March, when a north—south-ori-
ented cold front associated with an upper-level PV
streamer enters the computational domain. To the west
there is an extremely long PV streamer with a length
of more than 1500 km extending from the Spanish coast
al the way to Scotland. The banner originates at the
Cantabrian Mountains. The development started 24 h
prior to the time shown, when a pair of positive and
negative PV banners formed in a southwesterly flow to
the lee of the coastal mountains. At 0000 UTC 10
March, both banners had an equal length of 300 km.

Then, in a successively stronger flow, the development
of the positive banner becomes much more pronounced.
The increased strength of the low-level flow is associ-
ated with the approaching cold front. Portions of the
elongated banner roughly coincide with a surface cold-
frontal signature, and its development is probably also
associated with diabatic processes. Additional banners
arevisible at the Pyrenees, the Massif Central in central
France, and at the Alps.

Roughly 24 h later, another spectacular pair of ban-
ners is seen to the lee of the Pyrenees (see Fig. 18b),
still located in a strong southerly flow. The cold front
mentioned above has slightly weakened and is now
aligned between Portugal and Scotland. The pair of PV
banners to the lee of the Pyrenees shows a wavelike
pattern over northern France. This pattern might be as-
sociated either with a shedding instability, or may have
been triggered by a synoptic-scale perturbation. The
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positive PV banner starting to the east of the Pyrenees
also separates humid Mediterranean air to its east from
much drier air in the wake of the Pyrenees.

Figure 18c relates to a case of strong south foehn on
18 January 1995 and is associated with the progression
of a deep upper-level trough toward the Alps. The low-
level PV signature of the associated cold front corre-
sponds to the westernmost PV band visible in Fig. 18b.
Ahead of the cold front there is southerly flow across
the Alps. The Alpine-scale splitting of the incident flow
leads to the generation of a negative (positive) PV ban-
ner at the western (eastern) edge of the Alpine topog-
raphy. The negative band is characterized by an ex-
tended region with PV values aslow as — 1.5 pvu. Both
the primary bands extend up to northern Germany. The
secondary PV banners within the Alpine wake are as-
sociated with foehn flow across two major gaps in the
model topography, which correspond to the upper Rhine
Valley along the border of Austriaand Switzerland, and
the Brenner Passin Austria. The locations of these gaps
are marked with arrows in the diagram. The formation
of the wake pattern started on 17 January around noon,
and the pattern did persist until the cold front passed
the central Alpine region in the evening of 18 January.

Figure 18d shows a situation that is somewhat similar
as the case discussed in the previous sections. Within
the cold northeasterly flow, a strong PV banner is gen-
erated at the southwestern Alpinetip. A weak low-level
depression coincides with this banner. However, in this
case deep cyclogenesis does not take place, but rather
the low-level vortex is advected off into the Mediter-
ranean and decays. The lack of cyclogenesis appears to
be related to the lack of appreciable baroclinicity and
upper-level PV advection. The caseis representative for
the large number of casesin which ashallow first-phase
lee depression forms without succeeding cyclogenesis,
emphasizing the importance of upper-level PV advec-
tion for the second-phase deep development.

7. Conclusions

Results from high-resolution numerical simulations
of an Alpine lee cyclogenesis event were analyzed with
particular regard to the distribution of potential vorticity
at lower levels. Positive and negative PV banners
evolved after some simulation time when the winds
turned into a direction across the Alps or Pyrenees. The
banners evolve and grow downstream when the oro-
graphically generated PV anomalies are advected down-
stream. In this way, some of the banners attained a
length of up to 1500 km. The results from the sensitivity
studies with smoothed and idealized topography dem-
onstrate that the banners usually occur as pairs of pos-
itive—negative PV anomalies, which can be attributed
to peaks in the model topography. The generation of the
banners is mostly associated with flow splitting, though
the model’s representation of gravity wave breaking ap-
pears to contribute to some lesser extent as well. Ad-
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ditional simulations with reduced roughness length and
with dry dynamics also suggest that the bands are not
associated with diabatic effects and only weakly sen-
sitive to the formulation of the boundary layer.

The width of the simulated banners corresponds to
about 50-150 km and seems to be mainly determined
by the model resolution. Indeed, pseudoinviscid shallow
water theory suggests that the width of the banners de-
creases to that of a discontinuity in the limit of infinite
Reynolds numbers (Schar and Smith 1993a), and very
sharp atmospheric shear lines have been observed to the
lee of the Big Island of Hawaii (Smith and Grubisic
1993) and the Colorado Front Range (Levinson and
Banta 1995). The mechanism that halts the scale col-
lapse is likely to operate at a scale of a few kilometers,
and could for instance be related to boundary-layer pro-
cesses and/or the dynamical stability properties of the
shear lines. The real wake of the Alps could thus look
far more complex than represented in the current study.
The representation of higher and thus more realistic
Reynolds numbers would presumably lead to narrower
PV bands, and possibly to the generation of shedding
eddies. Shallow water and continuously stratified theory
suggests that eddy shedding should occur whenever
thereis appreciablereversed flow between the shearlines
(Schar and Smith 1993b; Grubisic et al. 1995; Schar
and Durran 1997). This situation is rarely met in our
simulations, thus possibly explaining the absence of
shedding instabilities. If the real Alpine wake should
support shedding eddies, their interaction might also
provide a source for horizontal divergence and meso-
scale ascent, which might in turn be relevant for the
triggering of convective activity remote from the Alpine
slopes.

The validation of the simulated PV banners currently
appears not feasible for the lack of high-resolution data
in the lower troposphere. The inability to validate sim-
ulations is quite typical for current-day high-resolution
forecasting models, which have reached a resolution
beyond that of the operational observational networks.
This issue is addressed within the Mesoscale Alpine
Programme (MAPR, see Binder and Schar 1996). One
central aim of MAP is to provide high-resolution da-
tasets for the validation of mesoscale humerical models
in complex terrain, and this could also yield interesting
observational data on the structure of the Alpine wake.

Consistent with the aforementioned limitations, we
have sought to focus the interpretation primarily upon
the larger-scale aspects of the PV banners, and in par-
ticular upon their approximately balanced interaction
with the ambient synoptic-scale flow. The inversion op-
eration inherent to such an interpretation sees the PV
distribution with the smoothing eyes of an inverted La-
placian operator, and is thus not sensitive to the smaller-
scale details in the low-level PV field. Our analysis sug-
gests that the first phase of Alpine lee cyclogenesisis
at least partly related to the generation of a strong PV
banner at the southwestern edge of the Alps (or possibly
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sometimes a similar banner at the eastern edge of the
Pyrenees). The banner provides a low-level source of
potential vorticity, and its roll-up implies a growth in
horizontal scale and some pressure drop through sub-
sequent geostrophic (or higher-order balance) adjust-
ment. During the second phase, the low-level PV anom-
aly can interact and couple with the incipient upper-
level PV trough much as in cases of cyclogenesis over
flat terrain (Bleck and Mattocks 1984; Tafferner 1990;
Hoskins et a. 1985). The suggested mechanism is sup-
ported by our simulation with idealized terrain, which
showed the formation and shedding into the Alpine
wake of a notable orographic PV anomaly immediately
prior to deep lee cyclogenesis. Such a precursor appears
to be fairly common and was observed in numerous
operational NWP runs of Alpinelee cyclogenesisevents
(Aebischer 1996).

In addition to orographically generated PV, the low-
level thermal anomaly associated with frontal retarda-
tion, and the diabatically generated PV anomaly asso-
ciated with condensation, can contribute to the forma-
tion of a balanced low-level vortex. The effects of these
three low-level processes are similar to the extent that
surface thermal and shallow low-level PV anomaliesare
dynamically equivalent in the framework of the bal-
anced dynamics (Bretherton 1966). In the current study
we did not attempt to determine the rel ative contribution
of the three aforementioned mechanisms. The attribu-
tion of the second-phase vertical interaction to either
one or a combination of the three low-level ingredients,
and the demonstration that it occurs by an essentially
balanced mechanism, could possibly be accomplished
with ideas that were developed in the context of mar-
itime cyclogenesis (cf. Davis and Emanuel 1991), al-
though the characteristic horizontal scales of Alpinelee
cyclogenesis suggest that such an analysis might require
some higher-order balance rather than quasigeostrophy
(see, e.g., Raymond 1992). The efficacy of quasi-bal-
anced interactions between features of comparatively
small horizontal scales is also suggested by PV inter-
actionsin frontal cyclogenesis (see Appenzeller and Da-
vies 1996).

Notwithstanding the aforementioned uncertainties,
there are indications that low-level orographically gen-
erated PV anomalies often substantially contribute to or
even dominate the early stages of Alpine lee cyclo-
genesis: in particular, this mechanism appears the only
one that is able to explain initial cyclone formation ac-
cording to climatology, namely, in comparatively small
geographical areas near the southwestern Alpinetip and
the eastern tip of the Pyrenees (see Jansa et al. 1994).
In contrast, the retardation of the cold front produces a
warm anomaly of Alpine scale, and is thus unable to
explain the preferred geographical location of initial
vortex formation. On the other hand, diabatic heating
has in principle some potential to explain the geograph-
ical distribution of Alpine lee cyclogenesis for its prox-
imity to the warm Gulf of Genoa, but the first phase of

AEBISCHER AND SCHAR

205

most Alpine lee cyclogenesis events is reasonably well
captured by the dry dynamics (see, e.g., Tafferner 1990).
Nevertheless, to the extent that all the aforementioned
processes appear to act in concert, and are of different
relative importance at different stages of the develop-
ment, and during different seasons, analysis of further
cases will be needed to make any final conclusions.
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