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Abstract. The Non-Linear Mixed Spectral Finite-Bbéerence (NLMSFD) model for surface boundary-layer

flow over complex terrain has been extended to planetary boundary-layer flow over topography. Comparisons
are made between this new version and the surface layer model. The model is also applied to simulate an
Askervein experimental case. The results are discussed and compared with the observed field data.

1 Introduction 2 The model

The Mixed Spectral Finite-Bierence (MSFD) model was 2.1 The model equations

originally developed byBeljaars et al(198%. It is based

on the idea that the topography produces a perturbation to §or the PBL boundary-layer flow, the model uses thg
steady, neutrally stratified, non-evolving flow over horizon- Reynolds-averaged equations for steady-state, neutral
tally homogeneous flat terrain. A number dfcets have stratified incompressible flow. They are, in tensor notation
been made to improve the model calculation of the turbu-including use of the summation convention,

lent boundary-layer flow over complex terraifyotte et al.

(19949 evaluated the model predictions with a number of dif- 5y, 14p a(uiuj)
ferent closure schemes which range from the simple firstUjz = = ———=-+ ffiis(Uj—Ugj)—T, (1)
j p OX; X
orderx—Z closure to the full second-order closuéu and 5U:
Taylor (1992 and Xu et al. (1994 made the non-linear ex- 8_I = 0, )
X

tension of the model by including all the neglected terms.
In the non-linear version of the MSFD model (NLMSFD), hereU: and hei-th fh d
the model equations were solved iteratively. Another modelVhereUi andu; are thei-th component of the mean and tur-

improvement is the extension to the stable boundary laye hulenlt flow respectivelyf i§ thedCoricl)Iisbparametgﬁjg is
(MSFD-STAB, sedNeng et al, 1997. the alternating unit tensor; and angle brackep)(denotes

. an ensemble mean. The pressure gradient force consists
Although the MSFD and NLMSFD models have been im- a nonhydrostatic mesoscale pressure comporiznand a

proved since the late 80’s, these models can only forma”ysynoptic-scale componente;sUgj, whereUy; is the j-th
apply to the surface-layer flow due to the model assump'component of the geostrophic wind.

ion th wind or zero-order profil f mean and turbu- .
tion that upwind or zero-order profiles of mean and turbu To close the system of the equations, a turbulent closur

lent variables are simple logarithmic surface-layer proflles,sFheme is neededWeng and Taylo2003 have shown

e.g., wind speed is logarithmic, shear stresses are consta[hat the so-called SImMDIE — ¢ turbulence closure scheme
and the &ect of Coriolis force is absentAyotte and Tay- . np . ;
performs quite well in modelling the PBL flow in most

lor (1995 made the first #ort to extend the model to the tmospheri ndition mpared with mor histicat
planetary boundary-layer flow with the full second-order tur- atmospneric o ons compare g ore sophisticate
schemes. Th& - ¢ turbulence closure is astorder scheme

I I MSFD-PBL i ill ali I . ) . o
bulence closure (MS ) butitwas still a linear mode in which the prognostic equations for the turbulent kinetic

energy E) and a diagnostic equation for the turbulent length
scale () are used. The turbulent fluxes are locally related

Correspondence taV. Weng to mean vertical gradients and an eddfivity, seeWeng
BY (wweng@yorku.ca) and Taylor(2003 for details.
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2.2 Numerical scheme and boundary conditions Log-profile

***** Uo (PBL)
—V,
N — |udl
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As with the previous versions of MSFRLMSFD model, 10°
the model equations are transformed from the original stan-
dard right-hand coordinate systemy(,z) with z in the ver- \
tical direction to a new systenX(Y,Z), by using a terrain- w
following coordinate transform. In addition, to ensuréfisu
cient resolution near the surface and to resolve strong gradi-
ents, a log-linear coordinate transform is further used for the
vertical coordinate.

Fourier transformation is performed in the horizontal di- / -
rections to the coordinate transformed governing equations.
The model variables are decomposed into an unperturbed or | i
zero-order part, independent gfandy, corresponding to e e e T e e e e
equilibrium flow over uniform flat terrain and a perturbation B Oyt 2 0h 02 0 024,08 08
part due to topographic forcing. Collecting the first-order
perturbation terms and solving the resulting system of equargigure 1. Initial input profiles of Uy, Vo, |Uol, Eo, (UW), and
tions, forms the linear version of the model (MSFD-PBL). (vw),, which is the result of 1-D PBL model runs #¥eng and
Treating the neglected high-order terms as the source ternigaylor (2003 for the given condition of, =0.03 m, f =10*s™?,

and solving the resulted equations iteratively leads to theUg,Vg) = (1377,-5.95)ms™, neutral thermal stratification. Loga-
NLMSED-PBL. rithmic wind profile for the surface layer model is also inclcuded.
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After all these transformations, equations are discretized.
A staggered vertical grid is used, wheegrid points are lo-
cated midway between neighboriWggrid points. Variables
stored atU-grid points areU, V, andP; while W and tur-
bulent quantities are &/-grid points. The lower and upper
boundaries are at-grid locations. The resulting set of dif- 3.1 Flow over idealized terrain

ference equations are solved using a blbtkfactorization For the idealized case, an “isolated”, “cosine-squared” ter-

algorithm Karpik, 1988 rain surface is used, which is described by
The surface boundary conditions used are a non-slip con- ’

dition for velocity, the vertical derivative of the perturbation hco(nr/4), for r<a,

pressure is zero and local equilibrium condition for the tur- zs(x.Y) ={ 0, for r>24,

bulent quantities. At the upper boundary, thEeets of the

topography vanish. We set the perturbations of mean variwherer = \/x2+y2 and the maximum slope igh/A. For our

ables and the vertical derivatives of turbulent quantities totest case, the values bt 75m andl = 1500 m are used and

zero. The model uses periodic boundary conditions and  the maximum slope is 0.157. Our computational domain is

Y directions. set asX,Y) € [-30003000] m and 4000 m in the vertical and

129x 129x 101 grid points are employed.

23 Upstream profiles Figure 1 shows the initial _ba_ckground profiles bfy, Vo,

: |Uol, Eo, {(uw)y and{vw)qy. This is the result of the 1-D PBL
The upstream or undisturbed profiles for the current PBLMOdel runs ofVeng and Taylo(2003 for surface roughness
model are the results of an integration of a 1-D unsteady-o = 0.03m, Coriolis parametef = 10*s™, geostrophic
state form of the model equations to quasi-steady state. Fopind is constant with height and set ldg| = 15 ms*(the
the given conditions of the site locatiof)( the geostrophic ~ COMponents are selected aky(Vg) = (13.77,-5.95) ms*so
wind speed {,, Vg) and the surface roughness length) ( that the near surface (at 10 m) wind direction is approxi-
we can obtain the necessary equilibrium profiles by runningMately 0) and we assume neutral thermal stratification. This
the 1-D PBL model ofVeng and Taylo(2003. This model leads to the surface friction velocity, ~ 0.47 m s, which is

will be used for providing all required upstream profiles in Used to calculate the logarithmic wind profile for the surface-
our simulations. layer model runs. As can be seen clearly from the figure,

the PBL has a near logarithmic mean wind profile associated

with a well developed constant stress layer to a depth of about
3 Results and discussions 40 m (where TKE is about 90% of its surface value). Above

this surface layer, the mean wind profiles show a smooth
Model runs have been carried out for boundary-layer flowblending to geostrophic values at the upper boundary of the
over an idealized isolated 3-D terrain and the Askervein Hill model. The PBL has a depth of about 900 m. The turbulent

— the site of a detailed and much referenced field study of
boundary-layer flow over low hills in the 1980s.
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Figure 2. Comparison of vertical fractional speed-up profiles at fiedént locations along the central ling={0) of a circular cosine-
squared hill from NLMSFD-PBL and NLMSFD-SL model runs.

quantities (TKE and shear stress) decrease appreciably over ————T
the depth of the boundary layer and diminish to near zero in
the absence of shear at the top of the PBL. There are also

supergostrophic winds arouzdé 650 m and the wind vector 2000+ ]
has Ekman spiral behaviour.
Figure 2 shows the comparison of vertical fractional 100 )

speed-up AS) profiles at five diferent locations along the
central line y=0) from NLMSFD-PBL and NLMSFD-SL
model runsAS is defined as the fference between the local
(JU(X,Y,2)]) and the upstreamUo(2)|) wind speeds divided
by the upstream wind speed. It can be clearly seen that the§
PBL version of the model predicts larger speed-up around & -1000-
the hill top areas and larger wind reduction at both upwind ©
and downwind hill foot areas than the surface-layer model.
Even at this lower maximum slope of 0.157, thé&elience
between the two models is apparent.
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3.2 Flow over Askervein Hill
Askervein is a 116 m high (126 m above the sea level) hill _ _ o

on the west coast of South Uist, one of the islands of theFigure 3. Computational domaln of th.e Askervelln hill and mea-
Outer-Hebrides (Scotland). For our model computation, theSurements tower along the A-line, AA-line and B-line.
terrain data was originally prepared by Walmsley, \3é&dém-

sley and Taylo(1996. There were a lot of very small terrain tively and are perpendicular to the ridge, and Line-B goes
features which lead to a very noisy FFT (Fast Fourier Transthrough HT and CP along the hill ridge.

form) field in the original, so-called Map B. For our model ~ Our computational grid consists of 12429 points uni-
runs, a 9-point smoothing was used. There is a slightly deformly distributed over an area of 60&B000nt. This
crease in amplitude in the resulting topography. The maxi-makes the resolution 46.875m and the domaifiiciently
mum height of the hill becomes 115.73 m and the maximumlarge to avoid upstreantfects due to the periodic boundary
slope is about 0.39, see Fig. where three tower lines and conditions. The model run is for the wind direction of 210
10 m measurement locations are overlaid. Line-A and Line-—13" from the 223 orientation of lines A and AA. The sur-
AA go through the hill top (HT) and hill centre (CP) respec- face roughness is assumed uniform and takeg 29.03 m.
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A Non-Linear Mixed Spectral Finite-Eierence model for
neutral planetary boundary-layer flow over complex terrain
has been developed. The model ukes¢ turbulence clo-
sure. Some of early limitations on the surface-layer version
of model are removed and model can simulate flows that are
more representative of the real atmosphere. This new model
has good potential in wind energy applications.
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