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Abstract

The remarkable front event over southern Germany on 3 May 1987 is investigated using a simple
numerical three-layer model. The model considers the diabatic gain/loss of sensible heat due to
condensation of water vapour and evaporation of rain. Additionally, a multiple nesting ol smaller
fine mesh grid domains into larger coarse mesh domains enables the simultancous simulation of
large scale structures and mesoscale developments.

The simulations show that the Alps cause an evident distortion of the front and especially generate
an ‘orogriphic jet’. The behaviour of the cold air in the vidnity of the northern Alpine bascline
agrees with the theory of a density current trapped by a mountain range. The numerical simula-
tions yield evidence that diabatic effects of evaporating rain were important for the development
of this front. Additionally the eastward propagation of the cold air is intensitied by diabatic proc-
CR5CS,

Zusammenfassung

Die ‘Papstfront’ vom 3. Mai 1987: Modellierung orographischer und diabatischer Effekte

Das markante Irontercignis iiber Siddeutschland vom 3. Mai 1987 wird mit cinem cinfachen
numerischen Dreischichtentodet! untersucht. Das Madell beriicksichtigt den diabatischen Ce-
winn/Verlust an sensibler Wiirme aufgrund von Wasscrdampfkondensation bezichungsweise Nie-
derschlagsverdunstung. bs erméglicht zudem die gleichzeitige Behandlung synoptischer Struktu-
ren und mesoskaliger Entwicklungen durch dic Nestung hochaufgeldster kleinerer Modellgebiete
in grofiere.

Dic Simulationen zeigen, dafd dic Alpen zu ciner auffilligen Vertformung der Front und insbeson-
dere zur Ausbildung cines ,orographischen Jets® fihren. Das Verhalten der Kaltlutt in der Nihe
des Alpennordrandes stitnmt mit der Theorie ciner Dichtestromung an Bergen iberein. Dic numeri-
schen Simulationen geben Hinweise daraut, dats die diabtischen Lffekte verdunstenden Nieder-
schlags bei der Intstehung dicser Iront von Bedeutung sind. Auch wird die Ostwiirtsverlagerung
der Katttuft am Nordrand der Alpen durch die Feuchteprozesse verstirkt.

List of symbols AX, Ay horizontal mesh size (geographic system)

it evaporation rate

Cpd specific heat capacity of dry air at constant € rotational Froude number
pressure f Coriolis parameter
(cpa=1004.71 T kg™' K7) Fr Froude number

Cpv specific heat capacity of water vapour at con- g acceleration of gravity (g=9.81 ms"?)
stant pressure g reduced acceleration of gravity
(cpy=1845.96 1 kg™! K1) h height of a surface

Cw specific heat capacity of liquid water hg terrain elevation
(cy, =4186.80J kg K1) H height scale of the mountains

Cr speed of front progression Hr height scale of the front

¢ phase speed of gravity waves i grid index in x-direction

C condensation rate j grid index in y-direction

Ah thickness of a layer k index of layers or levels

At time step L length scale of the mountains

Ax, Ay harizontal mesh size (cartesian system) Ly length scale of the front
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A longitude

L, specific heat of condensation
(1, =2500610J kg™ ')

N Brunt Vaisala frequency

No ratio of the height of the front to the height
of the mountain

N, ratio of inertia to earth rotation

N, ratio of kinetic to potential energy

N, ratio of mountain slope to frontal slope

v index of time step

p pressure

7 Exner function

] latitude

Qv specific humidity

Q, specific saturation humidity

qr specific content of rain drops

R Rossby radius

Ry radius of earth (R, = 6371.231 km)

Ty mixing ratio

Ry gas constant of dry air
(Ry=287.06Jkg ' K1)

R, gas constant of water vapour
(R, =461.51 J kg™ K™1)

Ad density of air

Ro Rossby number

t time

T temperature

0 potential temperature

e, virtual potential temperature

u scale of horizontal velocity

u,v horizontal wind components

Ug, Vg horizontal components of the geostrophic wind

w vertical velocity (cartesian system)

Abbreviations

FRG  Federal Republic of Germany
MSL above mean sea level
UTC universal time coordinated

1 Introduction

On 3 May 1987 a very intense cold front crossed
southern Bavaria connected with strong winds, heavy
rain and snow, and even embedded thunderstorms.
This front was named ‘papal front’ since pope John
Paul 11, who was visiting Minchen at this day, was
hindered to use a helicopter for his transfer to Augsburg
due to severe turbulence associated with this front.
Heimann and Volkert (1988) evaluated routine data to
analyze this case in detail.

During this analysis two major questions came up:

1. Did the Alps cause the accclerated eastward propa-
gation of this front?

2. Wus diabatic cooling due to evaporating rain and
melting snow responsible for the development of
the front?

The influence of the Alps on the movement of cold
fronts has been described by Steinacker (1987). By
analyzing isochrones he found various froms of frontal
behaviour which reached from a slight retardation to a
total blocking. Studies of Parish (1982) and Colquhoun
et al. (1985) show that the blocking effect leads to an
acceleration along the mountains. Parish used radar
and aircraft measurements and found the ‘barrier jet’
along the Californian Sierra Nevada as a consequence
of blocked advection of cold air. Colquhoun et al.
described the Australian ‘Southerly Burster’, an active
cold front which is blocked by the coastal mountains
of New South Wales, but accelerated along the coast.
Baines (1980) explained the ‘Southerly Burster’ as a
gravity current trapped by the coastal mountain range.
Egger and Haderlein (1987) used the term ‘orographic
jet” for this phenomenon and discussed the relationship
between the speed of the jet’s nose and parameters of
the approaching cold air.

The frontogenetic effect of diabatic processes has been
discussed by Kurz {1982). He analyzed a case where
a new front formed at the leading edge of a large belt
of precipitation ahead of a synoptic-scale cold front.
Cooling due to evaporating rain at the rear side, and
heating due to solar radiation within the almost cloud-
free warm sector strengthened the horizontal tempera-
ture gradient in this case,

On 3 May1987 the synoptic-scale cold front was not
connected with significant precipitation, but a new
area of rain formed ahead of the upper level trough
which followed the front some hundred kilometers
west of it. The ‘papal front’ developed at the leading
cdge of this area of precipitation. It rapidly propagated
eastward and eventually caught up with the preceding
synoptic-scale cold front.

Although the analysis already gave some hints for
affirmative answers to the questions posed above, one
can expect additional evidence from model simulations.
They allow to separate the influence of diabatic pro-
cesses and orography.

The paper describes the model in Chapter 2. Section 3.1
explains the strategy of the simulations and Section
3.2 deals with the model initialization and the synoptic
development. The orographic influence on the frontal
system, especially the development of an ‘orographic
jet’, is discussed in Section 3.3, and compared with
theoretical estimates in Section 3.4. Finally, the
importance of diabatic heat exchange is addressed in
Section 3.5.
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IHydrostatic equation

B
h, —h 3
de@vk( k—hg ) (3)

M. 1 ="t

forsurfacesk=1,..., 3.

3 has a constant value of 0.71 which conforms to a
pressure pz = 300 hPa at the model lid. 7y, is the
Exner function at ground level (hy.-).

Eguation of continuiry

a) Determination of the vertical velocity:

aUk aVk :
Wk=Wk-1*(ax ) (hy = he_y)
4
N Ohi.1 | dhy )
(e —ug ) ax (v =vik_1) oy
for surfaces k= 1,...,3 with u=q= V=g = Wy-0=0

as the boundary COﬂdlth]‘l at the ground (hy =y).

b} Determination of the tendency of the surface
heights:

ahk _ ahk ahk
ot = Wi Ug IX Vi ay (5)
forsurfacesk =1, ..., 3.

Temperature equation

a(‘:‘)k _ a@k 3(-)k lv (Ck - Ek)
at Uk ogx  Vk Ay T ¥ gy (6)
Cpk = =~ 7
with
— (1 _QVu,_k) Cpd ¥ Qv,kCpv t Ur k Cw
ook 1+ Qrk
for layersk=1,..., 3
Humidity equation
99y, k 3¢y k 99y, k .
T ew e cen 0

forlayersk=1,..., 3

(reneral definitions
Coriolis parameter:

f(p) = fo - sin(y) where f; = 1.4584 - 107 %s7!
Exner function:

m=(p/po )Rd"cpd where po = 10° Pa

virtual potential temperature:

001+R
(+5la)

2.3 Incorporation of Diabatic Processes

The representation of condensation and evaporation
can only be crude in a model that resolves the tropo-
sphere by only three layers. However, the following
procedure is used to determine the rates of conversion
from the gas phase to the liquid phase and vice-versa.
Under the assumptions

rV%qV
l, #1,(T)
Ty
|
M- g
Tk
= exp [ oS In rv‘k(ﬂ)dw}
: Tk_.]

a bulk expression for the maximum (saturation) con-
tent of water vapour Q, x in a model box of layer k
was derived by vertically integrating the Clausius-
Clapeyron equation. It reads

r=exp|c; t+

In(my/my 1)
CalmgInmy—m_Inme_ () tes - 5
S k
' Tk—-1 Tk }
r
Q=14 (8)
where

Ry
¢y =In 52 + /Ry + 14.7369

R,
Cz = Cp{l/Rd
ca=1,/R,

Q. k depends on the potential temperature &, within
the respective box and on the pressure at its bottom
and top faces (m _ 1,7y ).

In the case of over-saturation (qy x ~ Qy k) the excess
water vapour is condensated immediately and converted
to rain:

_ Qv,k — ka ]
Ck—max[ At ,0

Qv,kvol
forall layersk=1, ..., 3.

qr,k = Max lqv,k -

Thus, the model does not account for clouds. The
generated rain falls into the lower layers where it may
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partly evaporate in case of under-saturation:

min |q,, max [Qv,x T Qu,k» 0]]
At

E,=Co

e,k = Arox+1 — En At

This procedure is carried out for all layersxk =k — 1,..., 1
at the same time step. Cy is a factor of evaporation
which must be prescribed. During all model runs Cg
was arbitrarily set to 0.5. Only precipitation that has
not been evaporated will reach the ground.

The introduced scheme allows a rough estimation of
the diabatic heat exchange associated with condensa-
tion and evaporation. Realistic values for the amount
of precipitation cannot be expected, of course. This is
a consequence of the model conception of vertically
uniform layers. In reality a uniformly cooled or lifted
air parcel with ©/9z = 0 and dq,/902 = 0 would reach
over-saturation which starts locally at its top. In the
model condensation cannot take place before the bulk
saturation humidity becomes smaller than the actual
humidity, i.e. Qy,k < qy,k-

2.4 Numerical Procedure

FRONTOM uses a staggered grid. The scalars hy, my,
O, gy k are defined at the mesh centres, whereas the
wind components uy and vy are placed at the middle
of the mnesh boundaries. The potential temperature Gy
and the specific humidity g, x refer to the entire vertical
extent of a model layer, while the heights h and the
Exner function m are refated to the surfaces of the
layers.

A semi-implicit two-step procedure, the so called
‘Euler backward’ scheme, is employed for the temporal
integration of the prognostic equations. With
¢ =(u,v, h, ©, q,) the two steps read:

" ="+ AUF (e, )
KPV+1 :(pv+ At-FW(‘-Pu., ”.)

where the indices » and v + 1 denote consecutive time
steps. * is a provisional stage of the prognostic model
variables. F,, stands for the actual tendency of v. It
is derived from the model variables at stage v or v*,
respectively.

All spatial derivatives with the exception of advective
terms are approximated by central differences. Up-
stream differences are used in the advective terms. Due
to its damping property this scheme keeps the solution
stable and substitutes explicit horizontal diffusion.

2.5 Nesting and Boundary Conditions

The model provides the possibility of a multiple nesting
of smaller grid domains into larger ones. In this way it

is possible to cover a wide range of scales with one
model.

During each simulation period the synoptic-scale
modelling is carried out in a domain A, which has to be
chosen large enough to resolve the relevant synoptic
steering features such as baroclinic waves. Within pre-
scribed or automatically determined sub-periods the
same model is run simultancously in a nested domain B
with higher resolution. Analogous to this procedure an
cven better resolved domain C can be activated within
domain B. The vertical structure of the model is not
affected by the nesting.

The coupling of the nested domains is carried out by
prescribing the tendencies of the prognostic variables
Uk, Vi, hi, O, gy, at the boundary meshs of the sub-
ordinated domain. The tendencies are derived from the
appropriate meshs of the superposed domain. The
method-of interpolation from the larger to the smaller
meshs is examplarily described in Figure 2 for the scalar
variables. The analogous procedure is used for the wind
components. In the literature the described kind of
nesting is called ‘one-way’-nesting, ‘passive’ nesting,
or ‘parasitary’ nesting, e.g. Clark and Farley (1984),
Zhang et al. (1986). The method does not provide a
feedback from the smaller domain to the larger one.

Tendencies of the boundary values of the outermost
domain A are determined internally using radiation
conditions. The procedure is examplarily sketched for
the western boundary, i.e. i=1, and the time level
r+1:

v+1 v v 2
Yi=1 ~¥i=1 _ . Yi=2 " ¥i=1
At ¥ Ax

with vl v
. Yi=z “¥i=2 2AXx
€, = min | — "TAL ,0

4 12
Pi=3 ~ Pi=1
and ¢y = (uy, vi, hi, Ok, gy,x)-

exenple for the interpolation from the coarse grid
10 & boundary sesh of the nested grid

influence areas:

n=3

=2

o e ot D 104
| IR T

deternination of a value or tendency
F2 of the nested mesh (i2&1,j2=0)
. | [@e from the corresponding wvelues or
tendencics F! of the coarse grid:

1=t F200,4) = (WEMFICL, ZyHZRFICL, D)
HITHFL (2, 3) +MANF (2,207
/(HL+HZ sHI+4)

il=l 11=2 1123

A

Figure 2 Scheme of nesting and interpolation from a coarse
grid to a fine grid
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2.6 Definition of the Nested Model Domains

For the real case simulations the meshes of the FRON-
TOM domains are defined on a geographic net. Within
each domain the mesh widths AX and Ay are constant.

The usage of geographic coordinates requires additional
metric terms in eqs. (1}, (2} and (4). They read

duy tan .
Et——...'i-ukvk R, in (1)
ovy tan v _
3T Yk Uk R, in(2)
tan ¢ .
W= ..oty _ﬁ(hk_hk—l) in (4)

The mesh sizes in the metric system are calculated as:
Ax(p) =Ry cosy AX
Ay = Ry Ay

According to the common scale definitions of atmos-
pheric phenomena (Orlanski, 1975) the model domains
are defined to resolve atmospheric structures as follows:

Domain A: macroscale § or synoptic scale
(baroclinic waves, high and low pressure
systems, synoptic-scale fronts)
Domain B: mesoscale o
(flow over or around mountains, foehn,
orographic distortion of fronts)
Domain C: mesoscale 3
(density currents, channelling, ‘orographic
jets’)
For this study the size of the outermost model domain
A was chosen to be of 60° west-east extension and of
30° south-north extension. This allows the resolution
of the planetary zonal wave number 6, which seems to
be sufficient for simulations not exceeding a period of

335

24 hours. The grid domain includes 40 X 40 meshes.
The consequent grid spacing is 1.5° in west-east direc-
tion, and 0.75° in south-north direction, or between
70 and 135 km in the metric sense. The subordinated
model domains B and C also consist of 40 X 40 grid
meshs, but their grids are condensed by the factor 4
relative to the respective next outer domain. The use
of three nested domains enables a resolution of 20 to
30 km in domain B, and of 5 to 7 km in domain C.

The orographic data are taken from a digital geographic
data base as mean values of the grid meshs. All domain
specifications are summerized in Table 1. The cor-
responding maps are presented in Figure 3.

3 Numerical Simulations of the ‘Papal Front’
Case

3.1 Aim and Strategy of Simulations

The main objective of the numerical simulations of the
‘papal front’ case is the influence of both, the diabatic
processes and the orography, on the development,
the intensification, and the deformation of the fronts
north of the Alps on 3 May 1987.

The analyzed situation (see Heimann and Volkert,
1988) is summarized in Figure 4. At 12 UTC the
synoptic-scale cold front of the southern Scandinavian
low, subsequently called ‘Front 1, has reached the
western parts of the Alps. Its position over the northern
Alpine foreland is almost stationary. The surface poten-
tial temperature drops by about 6 K across this front.
After 06 UTC a second zone of large horizontal tempe-
rature gradient has formed west of the Rhine river.
By 12 UTC this zone had proceeded to the line Lake of
Constance — Stuttgart. 1t belongs to asecond cold front
which has a more regional character and can be analyzed

Table 1 Specifications of the model domains A, B, and (.

domain A

domain B domain C
western boundary 20° W 2.5°E 10° E
castern boundary 40°k 17.5° 11 13.75° &
southern boundary 35° N 425" N 47° N
northern boundary 65° N S0° N 48.875° N
number ot meshs 40 X 40 40 X 40 40 % 40
AX 1.5° 0.375° 0.09375°
Ag 0.75° 0.1875° 0.046875°
Ax 70,..., 135.7km 26.8, ..., 30.8 km 6.9,..., 7.1 km
Ay §2.8 km 20.8 km 5.2 km
minimum terrain elevation 0 0 314 m MSIL.
maximum terrain elevation 2226 m MSL 2895 m MSL 2829 m MSL
maximum slopc of terrain 13 m/km 64 m/km 149 m/km

1:77 1:16 1:7
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Figure 3 Maps of nested model domains (without the respective
boundary meshs).

(a) Top: Domain A. The contour interval of the terrain cleva-
tion is 500 m. The inner trame encloses model domain B,

(b) Middle: Domain B. The contour interval ot the terrain
clevation is 500 m. The inner frame enctoses model domain (',
(¢) Bottom: Domain €, The contour interval of the terrain
clevation is 250 m. AU: Augsburg/FRG, IL: Uirenze/Italy, GE:
Genova/Ttaly, IN: Innsbruck/Austria, KE: Kempten/I'RG, LA:
Landshut/I'RG,  LY: Lyon/l'rance, MI: Milano/ltaly, MS:
Marseille/France, MU: Minchen/FRG, NY: Nancy/IFrance,
PA: Passau/FRG, SA: Salzburg/Austria, UD: Udinc/Italy,
W1: Wien/Austria, ZG: Zagreb/Yugoslavia, ZH: Zirich/Switzer-
land
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only between Switzerland and the Main river. This
front was referred to as ‘papal front’, but will be called
‘Front 2’ in the following for convenience. It quickly
intensificd and rapidly crossed southern Germany and
northern Austria where it caught up with Front 1. A
noteworthy feature is the pool of cold air behind Front
2. Tt coincides with an area of precipitation which
directly followed this front. Potential temperatures
below 6 °C cannot be explained from advection in this
case. Instead, diabatic cooling by evaporating rain and
melting snow is surmised to be the reason.

The movement of Front 2 is illustrated by hourly
isochrones in Figure 4b. The significant acceleration of
the front along the Alpine baseline and the formation

Figure 4

(1) Top: Analysis of surface potential temperature (°C) and
positions of cold tfronts on 3 May 1987 at 12 U'IC.

(b} Bottom: Hourly isochrones of the analyzed positions of
Fromt 2 between 09 and 18 UTC. At 15 UTC I‘ront 2 has
merged into the preceding Front 1. The hatehed area indicates

the region with cloud top temperatures ot below 40 °C at
14 UTC adapted trom an infrared satellite image. (Source:
Heimann and Volkert, 1988)


















Beitr. Phys. Atmosph.

within layer 1 (Figure 10b). We relate the line of
maximum temperature gradient with the observed
Front 2. Note that model Front 2 does not correspond
with an intersecting line of a model surface with the
ground like Front 1. It is rather represented as an inter-
nal front within the lowest model layer. Run Il did
not produce a sharp horizontal gradient of the potential
temperature within layer 1. In this run the values of
V®, remain homogeneously distributed and lie at
about 5 mK/km at 12 UTC as they were initialized at
00 UTC.

Diabatic effects cannot only generate a front, they can
also intensify an existing frontal system. This was pre-
dicted by Hsie et al. (1984), forinstance, who evaluated
model simulations of frontogenesis in a moist atmos-
phere. The essential mechanism is the release of latent
heat by condensation aloft and the consumption of
sensible heat by evaporation near the ground. The
corresponding heating and cooling increase the cross-
frontal temperature gradient and result in a stronger
static stability. This intensifies the ageostrophic circula-
tions around the frontal zone and accelerates the surface
cold front.

Accordingly, model runs I and Il show that diabatic
effects increase the difference of potential temperatures
between layers 1 and 2 (A®, =@, — ©,) by about 30
percent. Relative to the dry case the Rossby radius R
increases by 14 % while both, the Froude number Fr
and the rotational Froude number ¢, decrease by 12 %.
The ratio of Kinetic energy to potential energy (N;)
even deminuishes by 22 %. By and large, the diabatic
processes favour the blocking of the cold air at the
Alps. They intensify the mountain parallel wind com-
ponent, i.c. the orographic jet.

= 7T A E I 7 TV 7 T

;09
]

Figure 11 Modet domain B, 3 May 1987: Hourly isochronces
(06 — 18 UTC)ot the 12 °C isoline of model run [ with diabatic
processes (dashed). The numbers indicate U'TC hours.

The propagation of the cold air is depicted by hourly
isochrones of the 12 °C potential temperature isolines
for runs 1 and NI in Figure 11. In run I the 12 °C line
is situated very close to the line of maximum horizon-
tal gradient of ©,, and can be related to the respective
location of Front 2. Already at 06 UTC, when domain
B was initialized, the 12 °C isoline of run I is situated
100 km farther east. During the following hours this
line proceeds much faster in run 1 than it doesin run1II.
Until 12 UTC this is mainly due to the continuing
diabatic cooling which causes the isotherms to move
faster than the advecting speed. Note that isentrops are
not material lines if diabatic processes are turned on.
After 12 UTC the 12 °C isoline strongly accelerates
along the Alps in run [. Even without considering
diabatic processes this isoline speeds up so that at 18
UTC the isoline of run HI moves as fast as that of run }
already at 12 UTC. The distance of the isochrones has
increased to almost 450 km by 18 UTC.

4 Conclusions

The numerical imitations of the ‘papal front’ case reveal
the influences on the frontal behaviour of both the
Alpine orography and the diabatic heat exchange. The
mountains block the southeastward penetration of the
cold air and lead to the formation of an orographic jet,
i.e. an along-barrier belt of high wind speeds with a
nose-like deformation of the front. The diabatic cooling
within the precipitation area ahead of the eastward
moving trough acts frontogenetic, inducing a second
front line. The model result suggest that an orographic
jet has been formed behind the synoptic-scale Front 1
after 11 UTC independently on whether diabatic proc-
esses were invoked or not. At this stage we have to
point to a discrepancy between the model results and
the reality. After 10 UTC the preceding Front 1 was
observed to be almost stationary while the orographic
jet developed behind Front 2. Only when the faster
Front 2 has merged into Front 1 at about 15 UTC near
Salzburg the model conforms with the reality. However,
the simulations give evidence that the synoptic weather
situation of that day was predestinated for the genera-
tion of an orographic jet.

The ‘papal front’ simulations have shown that the
simple conception of the three-layer shallow water
model FRONTOM is altogether adequate to answer
principle questions concerning the impact of orography
on fronts. Especially, the employed nesting method
ensures the consistancy of simulated mesoscale features
with their synoptic-scale environment. However, the
vertical resolution of the model is too coarse to
describe mesoscale structures in detail. In particular,
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diabatic processes can be imitated only with great
caution. Hence, simulations on a fully three-dimensional
grid are necessary if special effects are to be investigated.
This includes convective precipitation at fronts and
frontal rainbands, for instance. Especially the observa-
tion periods of 12 November, 13 November, and 19
December of the German Front Experiment 1987
(Hoinka et al., 1988) are very promising in respect to
such tasks. It is hoped that numerical simulations of
the experiment cases will lead to further knowledge of
the combined influences of orography and diabatic
processes on fronts and their scale interactions.

References

Baines, P.G., 1980: Thc Dynamics of the Southerly Buster.
Austr. Metcor. Mag. 28 175 -200

Ball, F.K., 1960: A Theory of T'ronts in Relation to Surface
Stress. Quart. J.R. Mct. Soc. 96, 51 66

Clark, L.T. and R.D. Farley, 1984 Severe Downslope Wind-
storm Calculations in Two and Three Spatial Dimensions
Using  Anclastic  Interactive Grid  Nesting: A Possible
Mechanism for Gustiness, 1. Atmos. Sc. 41, 329 350

Colquhoun, J.R., D.J. Shepherd, C. E. Coulman, R.K. Smith,
and K. Melnnes, 1985 The Southerly Burster ot South
[lastern Australia: An Orographically Forced Cold TFront.
Mon. Wea. Rev, 113, 2090 2107

Davies, H.C., 1984: On the Orographic Retardation of a Cold
Front. Beitr. Phys. Atmosph. §7, 409418

Egger, J. and K. Haderlein, 1987: Fronts Ncar Orography in a
One-Layer Model. J. Met. Soc. Japan, spec. Vol., Coll. pap.
WMO/IUGG NWP Symp. Tokyo, 4—8 August 1986, p.
757-1766

Egger, J., 1987 Distortion of Fronrs Near Qrography. Meteorol.
Rdsch. 40, 141-146

Egger, J., 1988. Irictionally Induced Circulation in Fronts.
Beitr. Phys. Atmosph. 61, 140—142

Garratt, J.R., 1986: Boundary-Laycr Etftects on Cold Fronts at
a Coastlince. Boundary-Layer Metcor. 36, 101 -105

Grammeltvedt, A., 1970: Numerical Simulation of the Motion
of Atmospheric Tronts Using a Two Layer Model. Tellus
22.627-637

Haderlein, K., 1986: Numerische Modcllrechnungen zum Ver-
tagerungsverhalten orographisch modifizierter Kaltfronten
Diplomarbeil, Mcteorol. Inst. Univ. Miinchen

Heimann, D. and H. Volkert, 1988: The ‘Papal Front® of 3 May
1987 — Mecsoscale Analyses of Routine Data. Beitr, Phys,
Atmosph. 61, 62 68

Hoinka, K.P. and D. Ifeimann, 1988: Orographic Channelling
ol & Cold I'ront at the Pyrences. Mon. Wea. Rev., 116,
18171823

Hoinka, K.P., H. Volkert, and D. Heimann, 1988: The German
I'ront Txperiment 1987: Observations and Preliminary
Results.  DEFVLR-Forschungsbericht, 88—21, obtainable
trom Wissenschaftliches Berichtswesen der DFVLR, P, B.
906058, D-5000 Koln 90, FRG

fisie, E-Y., R.A. Anthes and D. Keyser, 1984: Numericul
Simulation of Frontogenesis in a Moist Atmosphere. ).
Atmos. Sci. 41, 2581 .-2594

Kasahara, A., E. Isageson and J.J. Stocker, 1965: Numecrical
Studies of Frontal Motion in the Atmosphere 1. Tellus 17,
261-276

Kurz, M., 1982: Zum FEinfluft diabatischer Prozesse auf die
Irontogenese in Bodennithe, Metcorol, Rdsch. 35, 2130

Orlanski, 1., 1975: A Rational Subdivision of Scales for Atmo-
spheric Processes. Bull, Amer. Meteor. Soc. §6, 527 -534

Parish, T., 1982: Barricr Winds along the Sierra Nevada Moun-
tains. J, Appl. Meteor. 21, 925-.930

Schumann, U., 1987: Influence of Mesoscale Orography on
Idealized Cold I'ronts. J. Atmos. Sci. 44, 3423 3441

Steinacker, R., 1987: Orographic und Fronten. Wetter und l.e-
ben 39,65 70

Stern, M. E., Whitehead, J.A. and B.-L., Huag, 1982: The In-
trusion of a Density Current Along the Coast of a Rotating
Fruid. 1. Fluid Mech, 123, 237 -265

Zhang, D.-I.., H-R. Chang, N. L. Seaman, T. T. Warner und J. M.
Fritsch, 1986: A Two-Way Interactive Nesting Procedure
with Variable Terrain Resolution. Mon. Wea, Rev. 114,
13301339



	hei-330
	hei-331
	hei-332
	hei-333
	hei-334
	hei-335
	hei-336
	hei-337
	hei-338
	hei-339
	hei-340
	hei-341

