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Abstract:

A hydrostatic three-layer mesoscale model is used to determine the annual frequency distribution of the
surface layer winds over the whole area of the orographically structured mesoscale-g region around Frankfurt
(Main-Taunus region, 68 X 68 km?2). The model was run, simulating the variation of stability over the course
of a typical day for each of the twelve 30° sectors of the geostrophic wind. For each sector the corresponding
annual mean value of the geostrophic wind speed was taken. The calculated wind fields were extracted hourly
and weighted by the frequency of occurrence of the corresponding geostrophic wind sector, for later utiliza-
tion.

This procedure enables wind roses to be constructed for all grid squares, and the localization of channeling
regimes and diurnal wind systems, The synthetic wind roses are compared with observations and agree well.

Zusammenfassung: Abschitzung regionaler Charakteristika des bodennahen Windfelds mit einem mesoskaligen
Dreischichten-Modell

Mit Hilfe eines hydrostatischen Dreischichten-Modells wird die Jahresvertcilung der Hiufigkeit des boden-
nahen Windes iiber dem topographisch gegliederten, mesoskaligen Gebiet um Frankfurt (Main-Taunus-Region,
68 X 68 km?) flichendcckend bestimmt. Zu diesem Zweck wurden zwolf Modelliufe iiber jeweils einen
typischen Tagesgang fiir alle 30° Sektoren des geostrophischen Windes durchgefihrt, wobei fiir jeden Sektor
die jeweils mittlere jihrliche geostrophische Windgeschwindigkeit verwendet wurde. Zur weiteren Auswertung
wurden die berechneten Windfelder stiindlich ausgelagert und mit der Hiufigkeit des dazugehorenden geo-
strophischen Windes gewichtet.

Auf diese Weise ist es moglich Windrosenfeller zu konstruieren und Einfluibereiche der Leitwirkung und
tagesperiodischer Windsysteme zu crmitteln. Die berechneten Windrosen zeigen eine gute Ubereinstimmung
mit Beobachtungen.

Résumé: Estimation des caractéristiques régionales du champ de vent dans la couche de surface a I'aide d’un
modele d’échelle mésométéorologigue a trois couches.

On utilise un modéle hydrostatique d’échelle mesometeorologlque afin de déterminer le epcctre annue] des
fréquences du vent dans la couche de surface sur toute la région aux alentours de Franktort ol l'orographie
présente une structure d’échelle mésométéorologique de type ¢ (Région de Taunus, 68 X 68 km2). On a fait
cn sorte que le modéle simule la variation de stabilité au cours J’une journée typique pour chacun des douze
secteurs de 30°du vent géostrophique. On a utilisé pour chaque secteur la moyenne annuelle de la vitesse du
vent géostrophique correspondant.

Les champs de vent ealculés sont extraits d’heure cn heure ¢t pondérés par la fréquence d’occurence du vent
géostrophique dans le secteur envisagé pour utilisation vitérieure.

Cette procédure permet la construction de roses des vents pour tous les carrés de la grille, la localisation des
régimes ol le vent est canalisé ot la localisation des systémes de vent & caractére diurne. Les roses des vents
sant comparées aux observations avee lesquelles clles saccordent bicn.
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List of Symbols

Cp specific heat capacity (¢, = 1005 J kg™ K™')
C turbulent transfer coefficient

D horizontal diffusion

At time step

Ax, Ay horizontal grid spacing

Az thickness of a layer

f Coriolis parameter (f = 0.0001 s7')

F vertical turbulent flux

g gravity acceleration (g=9.81 ms™2)

Y vertical gradient of potential temperature
h height of a surface or interface

k Karman constant (k = 0.4)

k; adiabatic exponent (k; = 0.28)

K diffusion coefficient

w vertical velocity relative to an inclined surface
p pressure

i Exner function

Pr Prandt]l number

Ri Richardson number

P density

t time

T temperature

) potential temperature

Vv horizontal wind vector

u,v horizontal wind components

W cartesian vertical velocity

Uy friction velocity

zZ height

Zo roughness length

Bold symbols are horizontal (x- and y-direction) vectors!

List of Subscripts

sub ground level

S s-layer or upper surface of s-layer

n m-layer or upper surface of m-layer

t t-layer or upper surface of tdayer

q atmospheric boundary layer (s- and m-layer)
X,y X- Or y-components
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geostrophic
horizontal
momentum
heat
advection
entrainment
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1 Introduction

Many problems of environmental planning and air pollution assessment, like source-receptor
relations or pollution impact studies, require the knowledge of the regional wind climatology. It is
normally derived from the recordings of nearby weather stations. Where the topography is complex
these stations are representative only of a limited area, and are unsuitable for deducing wind field
characteristics over the whole of the region."

As WIPPERMANN and GROSS (1981) already showed, a mesoscale model can be a useful substitute for
the statistics of measured wind, if the frequency distribution of the large scale geostrophic wind is
known. They constructed a wind rose for Mannheim from stationary solutions of the two-dimensional
version of the non-hydrostatic FITNAH mesoscale model (GROSS, 1985). The simulations were re-
stricted to cases with stable stratification and to those directions of the geostrophic wind which are
not perpendicular to the two-dimensional cross section. The observed wind rose (for stable situations)
compares well with the numerically deduced one, and demonstrates the validity of the method.

However, to benefit from synthetic wind statistics one must usually

® consider all sectors of the large scale wind,
® take into account a wide range of stability,
® also consider time-dependent phenomena (e.g. thermal circulations, low level jets).

This, of course, requires a fairly large number of simulated cases. Moreover, two-dimensional models are
insufficient for most of the applications. Three-dimensional, and particulary non-hydrostatic models
certainly need rather a lot of computer time and storage. This makes them unwieldy, at least for
statistical studies. As a suitable compromise a hydrostatic three-layer model was developed for regions
with gentle orography which extend horizontally between 50 and 200 km (mesoscale-) resolved by grid
sizes between 2 and 10 km. The hydrostatic approximation is justified as long as the vertical accelera-
tions are by one order of magnitude smaller than the horizontal accelerations. Therefore the inclination
of the terrain should not exceed the ratio 1 : 10. It will be shown that this model is handy enough to
allow the generation of an adequate number of cases to represent an annual climate even on small
computers. However, higher resolutions and steep orography require the use of an advanced non-
hydrostatic model.

2 The Model

2.1 Geometrical Structure

The model used in this study belongs to the family of simple mesoscale models. One of the
early developments of such models has been introduced by LAVOIE (1972). He applied a one-layer
model of the mixing-layer to such complex phenomena as lake-effect storms. KEYSER and ANTHES
{(1977) improved LAVOIE’s model by introducing entrainment processes at the top of the mixing layer,
and by utilizing a drag coefficient depending on both the surface heat flux and roughness. Also, HAN,
UEYOSHI and DEARDORFT (1982) used a simple one-layer model for their numerical experiments on
terrain-induced mesoscale motion. DEADORFF, UEYOSHI and HAN (1984) extended the one layer
formulation of the mixed layer by three overlaying model layers defined in a hydrostatic pressure
coordinate system. This model was used to study various effects of horizontal inhomogeneities.

The model presented here was developed especially for regional air pollution studies over complex
terrain. In the following it will be referred to as REWIMET . The requirements of air pollution modeling
have led to a three-layer vertical resolution of a cloud-frece model atmosphere, distinguishing a surface

520 Beitr. Phys. Atmosph. Vol. 59, No. 4, November 1986



layer, a mixed layer, and a reservoir layer. This scheme is similar to the one used by VAN EGMOND and
KESSEBOOM (1983) for dispersion calculations based on wind fields diagnostically derived from measure-
ments. While they assume that the vertical structure is time-dependent but constant throughout the
model domain, in REWIMET the heights of the layers can also vary spatially due to the actual mesoscale
meteorological situation. The vertical structure of REWIMET is described as follows and illustrated in
Figure I.

1. The model atmosphere extends from the ground hg,, up to a level h; which coincides with a
large scale inversion or discontinuity of the vertical temperature profile. This level is represented
by a free material surface in the model which is allowed to vary in time and space. This is in
contrast to the model formulation of KEYSER and ANTHES (1977) who used a constant model
lid but consequently renounced any dynamic process above the boundary layer.

2. The turbulent atmospheric boundary layer (ABL) is assumed to extend from the ground hg,,
up to a height h,;, < h; which can be changed by advection and entrainment. The ABL is re-
presented by two sublayers. The lower surface layer (slayer) between hy,, and hq is defined to
follow the terrain with a constant thickness of Azg = hy — hg,, = 50 m. The upper ‘mixed’
layer (m-layer) reaches from hy to hy, and is variable in time and space. Turbulent fluxes are
considered at the ground and the interface between the two sublayers of the ABL.

3. The third layer (t-layer) is situated above the turbulent ABL between hy, and h,. The ABL
is allowed to grow up to the large scale inversion, i.e. yp to h; in the model. Since the entrain-
ment rate is damped if hy, comes close to hy, the t-layer cannot completely disappear. It
remains as a shallow layer of a few meters in such a case.

In order to permit a wide range of applications the model is time-dependent and designed to treat un-
stable as well as stable stratifications. In the case of an unstable ABL, the entrainment equatjon provides
for the growth of the m-layer. Air and its properties (momentum, heat, and concentration) are then
entrained from the t-layer into the m-layer. After a transition from unstable to stable stratification, the
turbulence decays and will occur only within a shallow layer near the ground. Therefore the entrainment
equation causes the m-layer to shrink rapidly. During this process air and its properties are now entrained
from the m-layer into the overlaying t-layer. The latter then acts as a reservoir for these properties before
a renewed growth of the ABL entrains them back into the m-layer. The changes of stability are governed
by a prescribed temporal variation of the surface potential temperature 8,,.
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2.2 The Equations

The model is based on the equations of a hydrostatic, non-divergent, dry atmosphere with a
supra-scale forcing and friction due to sub-scale turbulence:

Vo voov-w s fkx (Vg — V)~ ¢, 8 ¥ + Dy -2 g,

at oz P 9z

a6 _ a6 ) o

om __ 8

3t cpf (3

ow_ o

5~V v (4)
with p K

T= (p—) (Exner function); po= 10° Pa

0
T .
g= - (potential temperature)

p and 7 represent the mesoscale variation of the pressure. The superimposed supra-scale pressure gradient
is expressed by the geostrophic wind V¥ which has to be prescribed uniformly within the model volume.
A prognostic equation for the concentration of an air pollutant is optional but is not considered within
this paper.

The Equations (1) through (4) have to be adapted to the specific attributes of each of the model layers.
The following points must be taken into account:

1. The interfaces of the model layers are not horizontal, but depend on x and vy.

2. With the exception of the s-layer, the thicknesses of the model layers are not uniform.

3. The levels hy, and h,; are time-dependent.

4, hg,, and h, are material surfaces. No advective fluxes are allowed to permeate them.

5. The interface between s- and m-layer, hg, is defined to be permeable for both advective and

turbulent fluxes. The top of the ABL, hp,, is permeable only in case of entrainment.

The Exner function 7 and the vertical velocity w are evaluated on the interfaces (hgy,, hs, etc.), whereas
the horizontal velocity components u, v, and the potential temperature & are considered to be vertically
uniform within each layer (s-layer, m-layer, t-layer).

As a consequence also the temporal derivatives of u, v, and @ are independent of height within each
model layer. Thus, by applying Equations (1) and (2) to the model layers only the vertical advection
terms and the pressure gradient term have to be treated specially. A detailed description of the adapta-
tion to the geometrical model structure is given by HEIMANN (1985).

The vertical velocity relative to the inclined interface between the s-layer and the m-layer, «wy, is related
to the cartesian vertical velocity wg = w(z — hg, z <hg) by

ah,  8h,

wszws—us‘a—;f\"s“é}"

w, is a measure of the local transport of mass through the interface hy. Depending on the sign of w;
the vertical advection contributes either to the m-layer (w, > 0) or to the s-layer (w, <0).
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The adaptation of the mesoscale pressure gradient term in Equation (1) to the bulk of a model layer
requires some modifications. The horizontal gradient of m can be evaluated only on the top (or bottom)
surface of a layer. If this surface is not horizontal, compensation must be made for the hydrostatic
pressure effect of the slope. Additionally, the vertical change of the pressure gradient within a layer can
be expressed by the horizontal gradient of the potential temperature, which by definition does not
depend on the height in the layer. In its final form the vertically averaged mesoscale pressure gradient
term of 2 layer can be written as

gAzZ
- Cp Bk Vﬂk ‘thk + Té_ Vﬂk

where k is the subscript denoting the layer or the overlaying surface, i.e. k =(s, m, t). Since the model
layers differ from each other with respect to their attributes, the equations have to be formulated
separately for each layer.

- equations of the s-layer:

upper surface: hg(X, y) permeable for advective and turbulent fluxes
thickness: Azg = const =50 m
lower surface: hgy (X, y) impermeable

duy du, oy u; — Uy ] ]

at ax dy Az, (% ~ %)

—c. 0 a__ﬂi_ dhy +SAZs 98, + '__Fst_"Fstur
PUsax  B3x ' 20, ax & Msx Az,
0V, A AA \/

VS
at | Msax s y s Az + 1(ug ~uy)

— ¢p 0, amg . dh, + g Az 08, + Dygy — Fmys ~ Fmysur
ay dy 20, a9y Az
aﬁ= —u 00 —v 98 - 2 — 8 +D _FHS_FHSUI'
ot S9x % 9y Az Hs Az,
g
Mgyr = Mg + o s Az
dug av_,,)
Wy = —AZS (K + E
with
Uz = Ug U; = U,
v Svgrforw; 20; v =v for wg <0
82 =85 92 =0m
5 K (azus azus) o K (azvs+a2vs) S (azos+azos)
= + " = ) =
Msx h ax? ay: Msy h Py ay: Hs h ax? ay2
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- equations of the m-layer:

upper surface: hy, (x, y, t) permeable for entrainment fluxes only
thickness: Az, (X,y, )2 50m
lower surface: hg(x, y) permeable for advective and turbulent fluxes
Uy dug, aum_ o um Ty ey - B
el Um 3o Ym 3y Wy Az, (vg = ¥m)
a at Az 90 F du
—c. 0, "m_g ]m+g Zm m . T Mxs  9Um
PUm 5y ax | 20, 9x Azn Ot | ent
0V vy OV Ym ~ Vi
3t~ Um I Vm 3y Wy Az +f{ug —up)
L . dh, glz,dl, FMys Ovm
- - + + +—
wfm 3y "85y 26, ay TOMmY Az TRt |
80 m 80 m 90 0, -0 Fys 00
= . — —_ + —  ——
at Um 5y TVmay @ ag TDum TRt |
— B
Mg =My + ¢ 0m Azn
oh, dhg oh, (B (up AZg) (v AZy) ) ]
—_ = | +—= = W, — + +—
ot Ot lagy Ot lent ax ay ot |em
with
U = Uy U= umg
v1=vs} for wg > 0; Vi =Vm l for wg <0
0, = Bs 0,= Bm
9%u, 0d%un, v, vy
Dmeth(axz +ay2 ) DM“‘U":Kh( aX2 + ay'l )
5 K (azam 940, )
Am =20 ax® oy
— equations of the t-layer:
upper surface: h;(x, y, t) impermeable
thickness: Azy(x,y,t)
Jower surface: hm (X, ¥y, t) permeable for entrainment fluxes only
dug ou, du, on, oh, gaz a0, adu,
T T TR IO A P I v T e wab vl B
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2.3 Turbulence Parameterization

2.3.1 Turbulent fluxes

The turbulent vertical fluxes of momentum Fy; and heat Fy; have to be specified at the ground
hg,r and at the top of the surface layer hg.

Since the model does not know vertical gradients of wind speed and temperature, a gradient parameteriza-
tion of the turbulent fluxes (e.g. Fyyx = Ky du/dz or Fyy = Kyy 88/82) is not adequate. Transfer coeffi-
cients for momentum (Cy) and heat (Cyy) are used instead. Thus, the fluxes read as

— at the ground (z = hg,):

Fuxsur == CMsur Ssur Us

Fmysur =~ CMsur Ssur Vs

Fusur =~ Chsur Ssur (65 ~ Osur)

at the interface between s-layer and m-layer (z = hy):
Fumxs == Cms Ss (U —ug)

FMys == Cps Sg (Vin — Vs)

Faus =—CusSe(8m —05)

where S denotes the ‘wind shear’

Ser =V u§ + Vg
Sg = \/(um - us)z +(vm — Vs)'z

considering the no-slip condition ug,, = vg,, = 0.

The transfer coefficients at z = hg,, (Cpsur and Cyg,,) are assumed to depend on the roughness length
Zo and on the depth of the surface layer Az, only. From the logarithmic wind law it follows

[ (5 -1

CHsur =1.35 CMsur

Msur —

2

The factor 1.35 corresponds to the inverse Prandtl number near the surface.

At the top of the surface layer z = hg = hg,, + Az; the magnitude of the turbulent transfer is governed by

the stability:
_ K?

e i (22) -]

Zy

2

CHs =Pr (D—l CMs
where )y is an integrated profile function after PAULSON (1970) which reads

2
xlm(r)ﬂn(l;‘E )+2ln(lzs)—2tan'ls+% for ¢ <0 (unstable ABL)

with
E=(1-154)9%5; 7=3.14159
UM €)=4.7¢ for ¢>0 (stable ABL)
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The Prandt] number is formulated after BUSINGER et al. (1971):

- (1 - 15;)0.25

1.35(1-9¢4)%% for <0
r= % for ¢>0
The stability function § is expressed by the Richardson number Ri
¢=Ri for Ri<O0 (unstable)
{= —R]—— for Ri> 0 (stable)
1-4.7Ri

where Ri(z = h,) is approximated by
0.5(8zg + Az ) (O — 05)

B
O (um — '-ls)2 +(Vp — Vs)2

Ri=

2.3.2 Entrainment

Although the top of the ABL is material with respect to mesoscale motions, it can be changed
by subgrid processes, i.e. entrainment. The rate of growth is determined following an equation introduced
by DEARDORET (1974) in the unstable case (6, > 8, ):

P g’ (5)

ot
with Azg = hy, — hg,, (depth of the entire ABL)

+ 9wk b
=1.8 FHS (Azq %B;"‘l' *

gAzq

ent

20" _0:=0n

oz Az,

o - Az, + Az, 0,
a - Az

q
g /3
w* = (G_q-FHs AZq )

In stable situations (8 <#8,,) a formula of SMEDA (1979) is used which forces the ABL to shrink after
a transition from unstable to stable to an equilibrium thickness Az ~ 0.33 us/f which depends only on
the friction velocity ux and the Coriolis parameter f:

3 3.3 AzyfY
= ux (22 2%
0.06 Azgf [1 ( Uk ) } )

B

ot

ent

with us =v/Cps Vsl

The combination of the entrainment Equations (5) and (6) is discussed by SMEDA and shows reasonable
results for the situation of Wangara days 33/34. It should be noted that in reality the nightly ABL height
is also governed by radiative cooling which cannot be considered in the dry model atmosphere. Therefore
Equation (6) only gives a rough estimate of the ABL height during stable conditions.
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For (Ohpy, /3t)en; = O air of the t-layer is entrained into the m-layer which causes entrainment changes of
wind speed and potential temperature in the m-layer. With ¢ = (u, v, 8) they read
0¥ ohp, | Yt ~ ¥m Efl

Az, and 3t |, =0

ot ot

ent ’ent

For negative values (3hy, /@t)eny < O the entrainment process affects the t-layer properties:

Om| _o g 22 _%hm| o -vm
ot R T T Az,

ent ent |ent

2.3.3 Horizontal diffusion

The effect of horizontal diffusion induced by either wind shear or sub-grid orography is con-
sidered by the horizontal diffusion terms in the equation of motion in the s-layer and m-layer. As a
result of sensitivity tests the exchange coefficient K, was set to a constant value of K, = 100 m?s™! .

2.4 Numerical Procedure and Initialization

The model uses forward-in-time and centered-in-space differences with the exception of the
advective terms where upwind differences are applied. This combination is known to be smoothing, but
it is mass consistent and saves computer time and storage. In order to fulfil the Courant criterion most
efficiently the time step At is variable and controlled by the consideration of all signal velocities, i.e.
advection and diffusion velocities, and phase velocities of gravity waves which propagate along the
material surfaces.

Zero-gradient conditions are established at all lateral boundaries for all variables.
The Exner function at h, is taken from a stable background atmosphere using the hydrostatic relation:

Mg =T +cp%1n( % )
£ g 6o + 7o (hy —hg)

The background atmosphere has to be prescribed by specifying the Exner function m, at the height hg
and a lapse rate of the potential temperature v, > 0.

The model is initialized with horizontally homogeneous distributions of the potential temperature in
each model layer and spatially constant values of h;, and h;. The initial values of the wind components
within the ABL are the result of one-dimensional iterative solutions of the stationary equation of motion
over each grid area. The t-layer wind is set to the geostrophic wind.

This procedure ensures a balanced initial wind field. After an integration of one to three hours the wind
field is even independent of the choice of the initial value of h,, as shown by HEIMANN (1985).

3 Simulation of Wind Field Characteristics

This chapter is divided into five parts. The first one gives a general description of the applica-
tion area and its typical mesoscale phenomona. A case study is discussed in the second part before we
consider statistical evaluations of the model output. The simulation of one event of strong channelling
will show that the model is able to reproduce this important effect. How the model was run to deduce
the regional wind statistics and wind field characteristics, is explained in part 3. The following parts
deal with the statistical evaluation of these runs. Frequency distributions of the wind direction (wind
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roses) are presented in part 4 and compared to observations. Finally, some special characteristics of
the surface wind field in the Main-Taunus region, like the diurnal variability of wind direction and
channelling, are discussed in part 5.

3.1 Application of the Model to the Main-Taunus Region

Two phenomena contribute most to the regional flow statistics in orographically structured
areas. These are the channelling effect, and thermally induced circulations. The channelling effect is
observed even in broad valleys and along flat mountain ranges. This was pointed out by EGGER (1983)
and WIPPERMANN (1984a) who also gave theoretical explanations of this phenomenon. The flow con-
duction even occurs in the case of neutral stratification, but it is more pronounced in stable situations.
For certain directions of the geostrophic wind, the surface wind tends to show a component parallel to
the valley orientation but with a sign opposite to that of the geostrophic wind. This is denoted as
‘counter-current’ by WIPPERMANN. His theory suggests its existence even along mountain ranges
(WIPPERMANN, 1984b).

The REWIMET model is applied to the Main-Taunus region in central Germany (see Figure 2). The
dominating orographical feature is the Taunus mountain range. It is orientated from southwest to north-
east with an average crest altitude of 500 m above mean sea level (MSL) and has summits up to 880 m
MSL (Feldberg). The mountains adjoin the Rhine-Main basin (=~ 100 m MSL).

The climate of the Main-Taunus region has been investigated during an intensive measurement campaign
between 1971 and 1974 (BARTELS et al., 1976). Around 50 meteorological stations have been operat-
ing throughout the inner area in Figure 2 which is referred to as Lower-Main region (‘Region Untermain’)
in the following.

® Figure 2
Map of the “Main-Taunus region’
(68 X 68km?). The dotted isolines
represent the smoothed terrain ele-
vation (in meters) as it is used during
the model simulations. The inner
frame encloses the Lower-Main
region.

ODENWALD
r T T T T 1
] & ] 12 16 20 km

528 Beitr. Phys. Atmosph. Vol. 59, No. 4, November 1986



It was found that SSW and NNE winds prevail within a strip, roughly 20 km wide, along the Taunus

mountains, although the most frequent directions of the geostrophic wind are WNW and SE. This is a
consequence of the channelling effect.

Thermally generated nightly downslope winds contribute to the statistics of surface wind direction

especially on the flanks of the Taunus, but their influence can be recognized even at stations on the

plain close to the foot of the mountain range.

® Table 1 Summary of model input parameters used in the model simula-
tions for twelve sectors of the geostrophic winds direction.

The corresponding geostrophic wind velocities are listed in Table 2

initial values:

Bgur = 5.5°C

6, = 92°C

fm = 9.2°C

6y =16.2°C

hy =1000 m

hy =2000m
background atmosphere:
hy =2000m

g =189°C

o = 4.3 K/km

grid meshes:

grid spacing:

r=3h+24h
(3 h precursory

integration)

21 X 21 incl. houndaries
17 X 17 evaluated

Ax = Ay = 4000 m

simulated time per run:

tendencies of 84y,

- 3.. 0h: 0.0K/h
0.. 3h: -0.5K/h
3. 6h: 0.0K/h
6.. 9h: +1.5K/h
9..12h: +1.0K/h

12 ...15h: +0.5K/h
15...18h: 0.0K/h
18...21 h: - 1.5K/h
21..24h: - 1.0K/h

land use:
agriculture
forest
suburb
downtown
water

roughness length:

Zy
0.20m
1.00 m
1.50 m
200 m
0.01 m

® Table 2 Annual average velocities and frequencies for all 30° sectors of the

geostrophic wind in the Main-Taunus region

geostrophic wind annual average annual frequency
direction sector geostrophic speed of occurence
+ 15° m/s %
30° 5.7 4.5
60° 6.2 52
90° 8.2 7.8
120° 8.3 10.3
150° 8.4 8.0
180° 7.7 6.8
210° 7.6 7.2
240° 9.7 11.1
270° 10.1 14.2
300° 9.4 11.8
330° 8.1 7.4
360° 6.4 5.7
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-For the model runs the investigation area is resolved by a numerical grid of 17 x 17 meshes of 4 x 4 km?
each. Two additional lateral boundary grid rows are placed for computational reasons. The topography
is represented by the average elevation of each grid square and the portion of each of five types of land
use (see Table 1).

3.2 A Case of Strong Channeling

A pronounced channeling occured on October 27, 1972 at 13 CET (Central European Time).
A detailed analysis of the sea level pressure yields a geostrophic wind of 9.5 m/s from 170°. The vertical
stratification is stable with an almost isothermal gradient throughout the lower 1000 m of the atmosphere.
Figure 3 gives the distribution of the observed surface winds (= 10 m above ground) in the Lower-Main
region. The wind direction in the eastern part of the domain corresponds to that of the geostrophic wind
regarding a deflection of 20°—30° to the left caused by friction. Near Bad Homburg the flow splits. One
part is diverted to the north while the other part flows almost parallel to the Taunus range towards the
southwest. Since the component parallel to the mountain (orientation SW - NE) is of opposite sign
compared to that of the geostrophic wind, a ‘counter-current’ is observed in this case.

The simulated surface layer winds of this case (Figure 4) can be compared to the observed ones within
the framed area which is identical to the map sector shown in Figure 3 (Lower-Main region). However,
one has to keep in mind that each calculated wind represents a surface layer grid box of
4000 x 4000 x 50 m*, whereas the measurements are spot values taken 10 m above the ground and
averaged over the period of one hour. Nevertheless apart from the wind-speeds being a little too low, the
main characteristics of the flow field are simulated well enough, in particular, the stream splitting near
Bad Homburg, and the northeast wind along the Taunus. Of course, some detailes do not match; for
example the wind direction at Frankfurt/Airport. No ‘counter-current’ is simulated in the Upper-Rhine
valley, but this is verified at least at Darmstadt where the synoptic station reported 3 m/s from 120°
(ESE).

Measured surface wind field (= 10m
above ground) on October 27, 1972

13 CET in the Lower-Main region.

The map sector covers the same area as
the inner framed area of the maps in
Figure 2 and 4.

F 1

© 2 & 5 B % km
pps 1 s ey
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® Figure 4
Calculated surface layer wind field for
October 27,1972 13 CET.
The framed section (Lower-Main re-
gion) coincides with the map shown in
Figure 3.

27.10.72 13 MEZ

3.3 Performance of Model Runs for Regional Climate Studies

In order to gain wind roses and flow characteristics, which should represent an annual average,
a set of model runs have been performed, each describing a typical diurnal cycle associated with a distinct
geostrophic wind. In this way it is possible to incorporate even time-dependent processes which are
connected with changing stability. In detail the following procedure was chosen:

1. The diurnal cycle

In order to force the model thermally, the diurnal variation of the surface potential tempera-
ture O, is prescribed identically for each run. The 3-hour tendencies of 8, are derived from
the annual mean of the measured daily temperature variation at Frankfurt/Airport. The initial
values of 8,6, ,8,, hy,, and h, are chosen in such a way that they represent the annual aver-
age vertical stratification. For more details of the parameters see Table 1.

The temporal progress of 8y,, is illustrated in Figure S which also indicates the response of 8,
and 8, as it has resulted from a one-dimensional (8/dx = a/3y = 0} reference run.

The change rates of 6, are reduced with increasing terrain elevation so that the amplitude of
the diurnal variation in the Feldberg level (880 m MSL) is 30 % of that in the Main-Rhine
plain level (100 m MSL), which again conforms to the annual average.

2. Geostrophic forcing

Model runs of a full daily cycle (24 hours) are performed for each 30° sector of the geostrophic
wind. The speed of the geostrophic wind is chosen to be the annual mean of the corresponding
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® Figure 5

Simulation of the temporal variation of poten-
tial temperatures using the one-dimensional
version of REWIMET.

The potential temperature at the ground
Ogy was set to represent the course of a ‘ty-
pical’ day. ®; and ®,, are the resulting po-
CET tential temperatures in the s and m-layer,
i U":g-zb’e -% respectively. The atmospheric boundary layer
(ABL) is unstable as iong as @3 > ©,.

sector (see Table 2). These velocitics were derived by averaging five years of 3 hourly values of
the geostrophic wind over Frankfurt gained from the objective analysis of sea level pressure
data by MANIER and DIETZER (1979).

3. Determining statistics

The frequency distribution of the 30° geostrophic wind direction sectors are also determined
from the time series of the geostrophic wind at Frankfurt. See Table 2. Each model run pro-
duces 24 fields of the surface layer (s-layer) wind representing every hour of a typical day.
During post-processing these fields are weighted by the frequencies of the corresponding
geostrophic wind sectors. Thus, together 288 wind fields, i.e. 12 sectors x 24 hours, are
available for further analysis.

34 Simulated Distributions of Wind Directions and Wind Speed

For the given frequency distribution of the geostrophic wind (see Table 2), two kinds of
distributions of the surface layer wind have been obtained; the first by using the 1-dimensional version,
i.e. simulating homogeneous topography (9/0x = /3y = 0), and the second by applying the 3-dimen-
sional version, i.e. considering the real inhomogeneous topography.

The frequency distribution for homogencous terrain is added to all the graphs of Figure 6 in order to
demonstrate the capability of 3-dimensional simulations that include the full topographic information.
The best agreement between observed and simulated frequency distributions (inhomogeneous topography)
is found at Frankfurt/Airport (Figure 6a). Although not all peaks match at the other stations, some
characteristic features of the frequency distributions are sufficiently reproduced, e.g. the high pro-
bability of northwest winds on the Feldberg (Figure 6¢).

Figure 7 shows all calculated surtace layer wind roses within the Main-Taunus region. Around Frankfurt/
Airport, for example, the 210° and 240° sectors are favoured as well as the 30° and 60° ones. The most
frequent directions are almost paraliel to the Taunus range which is a consequence of the channeling
effect. The remarkable SSW-NNE orientation of the wind roses occurs mainly in the Lower-Main valley
within a strip parallel to the Taunus crest line. Other areas which also show a well pronounced channeled
flow are the Rhine valley ncar Wiesbaden, and the SSE-NNW orientated valley named ‘Goldener Grund’
in the northwestern most part of the investigation area. But a weak channeling effect is evident even in
the Upper-Rhine valley between Darmstadt and the southern boundary of the grid domain. In other
parts of the region the wind direction frequencies are distributed more uniformly as in the northeast.
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Figure 6a—-c

Annual frequency distributions at selected places of

— the observed surface wind directions
(6 20 m above ground)

— the calculated surface layer wind direction over
homogeneous topography  reference casc

— the calculated surface layer wind direction over
inhomogeneous topography  real case

40° sectors, period 1962 1966

(source: MANIER and DIETZER, 1978)

® Figure 7

IField of synthetic annual wind roses
(30" scectors) of the surface layer
winds pained by evaluating 288 mo-
del runs using the three-dimensional
version of REWIMET (real inhomo-
geneous topography of the Main-
Taunus region).
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Further statistical evaluations can be made on other model parameters like the atmospheric boundary
layer height, for instance. Moreover, it is possible to invoke the transport equation in order to extend
the method to air pollution dispersal problems. The model then allows the mean regional concentra-
tion patterns to be estimated and source-receptor relations to be studied.

References

BARTELS, H., RUDOLF, B., SWANTES, H. J. and VENT-SCHMIDT, V., 1976: Klima als Faktor der Regionalplanung.
In: Lufthygienisch-meteorologische Modelluntersuchung in der Region Untermain, Regionale Planungsgemeinschaft
Untermain, Frankfurt a.M.

BUSINGER, J. A.,, WYNGAARD, J. C,, IZUMI, J. C. and BRADLEY, F., 1971: Flux-Profile Relationships in the
Atmospheric Surface Layer. J. Atmos. Sci. 28, 181 -189.

DEARDORIF, J. W., 1972: Parameterization of the Planetary Boundary Layer for the Use in General Circulation
Models. Mon. Wea. Rev. 100, 93-106.

DEARDORFF, J. W, 1974: Three-Dimensional Numerical Study of the Height and Mean Structure of the Heated
Planetary Boundary Layer. Bound. Lay. Meteor. 7, 81—106.

DEARDORFF, J. W., UEYOSHI, K. and HAN, Y.-]., 1984 : Numerical Study of Terrain-Induced Mesoscale Motions
and Hydrostatic Form Drag in a Heated, Growing Mixed Layer. J. Atmos. Sci. 41, 1420--1441.
EGGER, J., 1983: Kanalisierung des Windes in breiten Tilern. Ann. Meteor. 20, 8-10.

GROSS, G., 1985: An Explanation of the ‘‘Maloja-serpent” by Numerical Simulation. Beitr. Phys. Atmosph. 58,
441-457.

HAN, Y.-J., UEYOSHI, K. and DEARDORFF, J. W., 1982: Numerical Study of Terrain-Induced Mesoscale Motion
in a Mixed Layer. J. Atmos. Sci. 39, 2464 -2476.

HEIMANN, D., 1985: Ein Dreischichten-Model} zur Berechnung mesoskaliger Wind- und Immissionsfelder iiber kom-
plexem Gelidnde. Dissertation Fak. f. Physik, Universitit Miinchen.

KEYSER, D. and ANTHES, R. A., 1977: The Applicability of a Mixed-Layer Model of the Planetary Boundary Layer
to Real-Data Forecasting. Mon. Wea. Rev. 105, 1351--1371.

LAVOIE, R. L., 1972: A Mesoscale Numerical Model of Lake-Effect Storms. J. Atmos. Sci. 29, 1025-1040.

MANIER, G. and DIETZER, B., 1979: Untersuchung iiber den Einflu der Topographie der Erdoberfliche auf den
Zusammenhang zwischen den Hiufigkeitsverteilungen von Bodenwind und geostrophischem Wind. Meteorol. Rdsch.
32,35-44.

PAULSON, C. A, 1970: The Mathematical Representation of Wind Speed and Tempcrature Profiles in the Unstable
Atmospheric Surface Layer. J. Appl. Meteor. 9, 857—861.

SMEDA, M. 8., 1979: Incorporation of Planetary Boundary Layer Processes into Numerical Boundary Layer Models.
Bound. Lay. Meteor. 16,115-129.

VAN EGMOND, N. D. and KESSEBOOM, H., 1983: Mesoscalc Air Pollution Dispersion Models-I. Eulerian Grid Model.
Atmos. Environ. 17, 257-274,

WIPPERMANN, F. and GROSS, G., 1981: On the Construction of Orographically Intfluenced Wind Roses for Given
Distributions of the Large-Scale Wind. Beitr. Phys. Atmosph. 54, 492-501.

WIPPERMANN, F., 1984a: Air I'low over and in Broad Valleys: Channetling and Counter-Current. Beitr. Phys.
Atmosph. 57,92-105.

WIPPERMANN, F., 1984b: Do Flat Mountain Ranges also Channel the Air Flow? Beitr. Phys. Atmosph. 57, 282- 284.

Beitr. Phys. Atmasph. Vol. 59, No. 4, November 1986 537



	hei-518
	hei-519
	hei-520
	hei-521
	hei-522
	hei-523
	hei-526
	hei-527
	hei-528
	hei-529
	hei-530
	hei-531
	hei-532
	hei-533
	hei-534
	hei-535
	hei-536
	hei-537

