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Large-eddy simulation (LES) models have been used extensively to study atmospheric boundary layer
turbulence over flat surfaces; however, LES applications over topography are less common. We evaluate the
ability of an existing model — COAMPS"-LES - to simulate flow over terrain using data from the Askervein
Hill Project. A new approach is suggested for the treatment of the lateral boundaries using one-way grid
nesting. LES wind profile and speed-up are compared with observations at various locations around the hill.
The COAMPS-LES model performs generally well. This case could serve as a useful benchmark for
evaluating LES models for applications over topography.

1. Introduction

The Askervein Hill Project was a field measurement pro-
gram conducted during the months of September and
October in 1982 and 1983 on the island of South Uist in
the Outer Herbrides of Scotland. The Askervein Hill is 116
m high — its top is 126 m above sea level — and located on the
west side of South Uist. Its shape is nearly elliptical with a 2
km major axis and 1 km minor axis (see Fig. 1).

Taylor and Teunissen (1987) present a general overview
of the Askervein Hill Project and Mickle et al. (1988)
describe some measurements of wind and turbulence.
Additional data are also available in two technical reports
(available at www.yorku.ca/pat/research/Askervein). A ret-
rospective of the experiment and summary of its impact is
reported in Walmsley and Taylor (1996).

During the experiment, more than 50 towers for wind
measurements were deployed on the hill. These towers were
arranged in three linear arrays, one parallel and two per-
pendicular to the hill’s major axis (A, AA, and B in Fig. 1).
Together, they provide a detailed description of the near
surface wind field. A large number of modeling studies have
been conducted using data collected during the Askervein
Hill Project (e.g. Beljaars et al. 1987; Kim and Patel 2000;
Castro et al. 2003; Undheim et al. 2006; Lopes et al. 2007;
Chow and Street 2009).

We select the Askervein Hill to evaluate the ability of
COAMPS®-LES to perform large-eddy simulations (LES) of
flow over topography. The small size of the hill and the
availability of observational data make this experiment an
ideal application for LES models. One unique aspect of our
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Figure 1. Nested grid topography. RS indicates the reference
site for undisturbed measurements, CP the center point, and HT
the hill top. The three linear arrays of instruments are denoted
by A, AA, and B.

To whom correspondence should be addressed.

Jean-Christophe Golaz, NOAA Geophysical Fluid Dynamics Laboratory,
P.O. Box 308, Princeton, NJ 08542, USA

Chris.Golaz@noaa.gov

JOURNAL OF ADVANCES IN MODELING EARTH SYSTEMS


https://core.ac.uk/display/357312337?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

2 Golaz et al.

study is the use of a one-way nesting technique for the
treatment of the lateral boundary conditions.

2. Model description and configuration

The LES model is based on the Naval Research Laboratory
COAMPS mesoscale model (Hodur 1997) with suitable
modifications for LES scales (Golaz et al. 2005). As a LES
model, COAMPS has only been employed for horizontally
homogeneous simulations over flat surfaces. As a mesoscale
model, COAMPS has been employed to perform nested
simulations over complex terrain (e.g. Doyle and Durran
2007; Doyle and Jiang 2006; Jiang and Doyle 2005; Doyle et
al. 2005). Because of the shrinking gap between grid incre-
ments of regional nested simulations and those of LESs,
there is a natural interest in investigating the feasibility of
using COAMPS-LES over topography.

LESs of the atmospheric boundary layer are typically
performed using periodic boundary conditions in the hori-
zontal directions. Such boundary conditions are well suited
for applications over uniform surfaces (see for example
Moeng and Sullivan (2003) for a review). Periodic boundary
conditions can also be used when surface conditions are
inhomogeneous but remain periodic. These includes peri-
odically varying surface heating (e.g. Hadfield et al. 1991) or
topography (e.g. Walko et al. 1992; Dornbrack and
Schumann 1993). However, periodic boundary conditions
cannot be used for flow over more complex terrain or
inhomogeneous surface conditions.

One alternative for inhomogeneous surface conditions is
the so-called “perturbation recycling method” (Mayor et al.
2002): mean conditions are imposed at the inflow boundary
and turbulent perturbations are added. These perturbations
are “recycled” from a region downstream of the inflow
boundary where the turbulence is resolved. Mayor et al.
(2002) used this technique to perform a LES of a cold-air
outbreak.

Lopes et al. (2007) and Chow and Street (2009) followed a
second approach. They simulated flow over the Askervein
Hill by imposing a fully turbulent inflow boundary con-
dition at each model time step. The imposed inflow bound-
ary condition is derived from a separate LES with
homogeneous conditions and flat terrain.

Here, we propose a third alternative that employs a one-
way grid nesting capability already present in many numer-
ical models. A total of two grids are used. The parent grid
has a flat terrain and uses periodic boundary conditions in
the horizontal directions. The nested grid contains the
terrain to be simulated and is forced at its boundaries by
the parent grid. Because the nesting is restricted to one-way
interaction, the parent grid is not affected by terrain induced
perturbations from the nested grid. The parent grid there-
fore continuously provides a turbulent inflow to the nested
grid. This approach is simple to implement in any model
with a one-way nesting capability. Furthermore and unlike
other alternatives, it is independent of the inflow direction.
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Two-way nesting has also been employed in the context
of LES over flat surface with outer periodic boundary
conditions. Sullivan et al. (1996) developed a vertical nesting
approach to refine a slice of the horizontal domain. Moeng
et al. (2007) designed two-way horizontally nested LES-
within-LES experiments using the Weather Research and
Forecasting (WRF) model. They successfully simulated dry
convective and shear driven neutral layers.

Although attractive for many applications, two-way nest-
ing is not a viable option for our application of LES over the
Askervein Hill since we require an inflow field that is
turbulent but undisturbed by the topography.

Model configuration and initial conditions are described
in details in Appendix A. The boundary layer is nearly
neutral and forced by a geostrophic wind. The model grids
are rotated to align the geostrophic wind with the x axis.
Horizontal grids consist of 135 x 135 points with 90 m
spacing and 175 x 175 points with 30 m spacing for the
parent and nested grids, respectively. Both grids share the
same 97 levels with spacing of 6.66 m in the lowest 100 m
and stretching above. Figure 1 shows the topography of the
nested grid along with reference points.

Our grids are larger but with slightly coarser spacing that
the ones Moeng et al. (2007) employed for their shear driven
layer (100 x 100 at 60 m and 121 x 121 at 20 m). The grid
spacing in this study is within the range of other LESs of
neutral layers (e.g. Andren et al. 1994; Moeng and Sullivan
1994).

One-way interaction between the coarse and nested grid
operates as follows. The fine grid lateral boundaries are
updated every coarse grid time step. The inner time step is
1/3 of the outer grid. Tendencies are added in at the
boundaries to account for the smaller time step. The outer
most points on the inner grid are not predicted and are
identical to their coincident coarse grid points. Data is then
interpolated in a blend zone of 7 grid points wide with
weights following Davies (1976).

Flow over the Askervein Hill is simulated for a total of six
hours: four hours with the parent grid only, followed by two
with both grids. Data from the last hour of the simulations
are used for the analysis.

Two simulations are performed. Both employ a LES
Smagorinsky-type subgrid-scale scheme, but differ by the
choice of the subgrid scale mixing lengths. The first one
(hereafter S50-50) uses a mixing length of 50 m for both
grids, whereas the second one (S50-30) has a mixing length
of 50 m for the parent grid, and 30 m for the nested grid.
These two simulations provide an estimate of the sensitivity
of the results to details of the LES subgrid-scale mixing.

3. Results

Undisturbed wind from the LES closely follows a logarith-
mic profile and compares well with RS observations (Figure
Al in Appendix A). Comparison of the wind flow around
the Askervein Hill is performed in terms of the fractional
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Figure 2. Comparison of the 10-m fractional wind speed-up
along sections A, AA, and B with observations. Experiments S50-
30 and S50-50 correspond to simulations with differing subgrid-
scale mixing lengths (see text for details).

speed-up ratio, AS, defined as:

_ U(A2)— Ups(A2)

AS Urs(Az) ' )

where Az is the height above the local terrain, and U, Ugs
the wind velocities at the point of interest and at RS,
respectively. AS provides a direct measure of the impact of
the terrain on the wind field compared to the undisturbed
flow.

The 10-m fractional wind speed-up along sections A, AA,
and B is depicted in Figure 2. Along A and AA, the speed-
up is largest near the top of the hill. COAMPS-LES slightly
underestimates the maximum speed-up at HT. Minimum
values occur in the lee of the hill. This is where the two

40 I I\‘ Il I Il Il I Il Il I Il Il I
i A —e—550-30
] H:’?v -e-55050 [
7 ] FEH Obs.
\
g 30 - “ _—
© o L
E ] e [
8 )
(o)) \ B
o 20 - \ -
o 4 \ R
8 »
[o] o L
= 4 N L
= \
[} 1 N\ B
T 10 — ‘*\\ =
- SHEH L
i DN i
“NEH
i SN e i
i i
0 I L) L) I L) L) I L) L) I L) L) I
0.3 0.6 0.9 1.2 1.5

Speed-up profile at HT

Figure 3. Comparisons of modeled and observed vertical profile
of fractional wind speed-up at the hill top (HT).

simulations diverge the most. $50-30 tends to overestimate
the slowdown. Along B, results indicate a good agreement
except between HT and CP, where both simulations fail to
predict the relative slowdown shown by the observations.

Vertical profiles of the low level speed-up at HT are
shown in Figure 3. The model vertical resolution is too
coarse to capture the large gradient in the lowest 5 m above
ground. However, the agreement with measurements
improves above 5 m, with model results falling within
observational errors at most measurement heights.

Finally, Figure 4 compares turbulence intensity. Subgrid
turbulence contributes to approximately half of the total.
LES results show a qualitative agreement with observations,
but the magnitude is overestimated upstream of HT and
underestimated downstream. The largest difference between
S50-50 and S50-30 appears in the lee and is consistent with
the wind speed-up difference observed in Fig. 2. Stronger
subgrid turbulence generates more mixing and therefore
increases wind speed by mixing momentum downwards.

Compared to Chow and Street (2009) who used a more
sophisticated subgrid-scale model, COAMPS-LES results are
encouraging. They indicate that a simple subgrid model can
capture many features of the flow over the Askervein Hill
with reasonably good accuracy.

4. Summary and conclusions

Simulations of the flow over the Askervein Hill are performed
using COAMPS-LES. A new treatment of the lateral bound-
ary conditions that makes use of the one-way nesting cap-
ability in COAMPS is employed. The parent grid, which has
no topography, generates undisturbed turbulent flow that is
fed as a boundary condition to the nested grid. This boundary
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Figure 4. Comparison of the 10-m turbulence intensity along
section A with observations. Turbulence intensity is defined as
the turbulence kinetic energy (TKE) normalized by the wind
speed at RS. Both subgrid (sgs) and total intensity are shown.

treatment offers the advantages of being easy to implement in
any model that possesses a one-way grid nesting capability,
and of being independent of the inflow direction.

Evaluation of COAMPS-LES results against observations
from the Askervein Hill generally reveals good agreement
between the model and observations. Sensitivity to the
choice of mixing length is small, except in the lee of the
hill where the LES with the smaller mixing length tends to
accentuate the deceleration.

The availability of observations and topographic data
makes this case a useful benchmark for LES models. To
facilitate future model comparisons, Dataset S1 [data.tar.gz]
provides data and scripts needed regenerate figures presented
here.
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Appendix A: Model configuration

To perform simulations over the Askervein Hill, COAMPS-
LES is configured using two grids with one-way interaction
between parent and nested grids. The parent grid is
composed of 135 points in the x and y directions with a
horizontal grid spacing of 90 m. The nested grid consists of
175 points in each horizontal direction and a grid spacing of
30 m.

Both grids share the same 97 vertical levels. The vertical
grid spacing is a constant 6.66 m in the lowest 100 m,
followed by a stretching factor of 1.05 per level up to a grid
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Figure A1. Comparison of wind profiles at the reference site (RS)
and on the parent grid.

spacing of 50 m and a height of 2000 m. No turbulence is
expected at and above this height, but terrain induced waves
may be present. Therefore, to damp upward propagating
waves, we add some coarse model layers above 2000 m.
Their grid spacing is stretched by a factor 1.2 per level until
it reaches a value of 1000 m. The grid spacing is then held
fixed above that. The domain top is located just above 10000
m. A Rayleigh damping layer is imposed to these upper 17
model layers, between 2100 m and 10000 m.

Initial conditions for the parent grid are idealized from
observations taken on 3 October 1983 at 1302 LST (Taylor
and Teunissen 1985, Fig. 2.5, p. 172). The atmosphere is
assumed to be neutral with 6 = 290 K from the surface up to
1200 m, capped by a stable layer with a lapse rate of 6.25 X
107> K m™". Initial random temperature are applied in
order to allow turbulence to develop. Surface pressure is
1003 hPa according to observations (Taylor and Teunissen
1985, Fig 2.4, p. 164). The estimated surface geostrophic
wind for that day was reported to be 22 m s~ ' with a
direction of 220° (Taylor and Teunissen 1985, Table 2.2, p.
112). We first attempted to use this value for the geostrophic
wind in a one grid simulation with flat terrain, but it led to
an overestimation of the 10 m wind speed on the parent grid
compared to observations at the reference site. A geo-
strophic value of 18 m s~ ' was used instead in order to
better match the parent grid wind profile with reference site
observations. Smaller wind values have also been used by
other modelers as inflow boundary conditions. For example,
domain-top wind speed was 17 m s~ ' at 2000 m in
Undheim et al. (2006). The initial wind profile is logarith-
mic. The model grids are rotated 50° counter-clockwise to
align the x axis with the geostrophic wind.

adv-model-earth-syst.org



One-way nested LES over Askervein Hill 5

Two topographical datasets are available from the
Askervein Hill project (Walmsley and Taylor 1996). The
first one (Map A) contains the Askervein hill as well as
downstream neighboring hills. The second one (Map B)
only contains the Askervein hill. We select Map B for the
terrain in our nested grid because it blends naturally with
the flat terrain used in the parent grid. Furthermore,
modeling studies have generally found that neighboring
hills only modestly impact the wind field over the
Askervein hill.

Figure 1 in the text shows the topography of the nested
grid along with the cross sections and reference points.
Measurements of undisturbed wind flow were taken at the
reference site (RS). Measurements perpendicular to the hill’s
major axis were taken along lines A (crossing the hill top
HT) and AA (crossing the center point CP). Line B repre-
sents the measurement along the major axis. CP is placed at
the center of the nested grid in our simulations.

Surface momentum fluxes are computed assuming a
uniform roughness height of zy = 0.03 m as suggested by
Taylor and Teunissen (1987). Surface heat flux is set to zero,
reflecting the near neutral conditions observed on 3 October
1983 (Taylor and Teunissen 1987). Buoyancy effects are
included in our LES model, but following most other
modeling studies, we neglect the effects of moisture on the
simulations.

LES simulations are performed for a total of six hours.
The first four hours consist of a single grid to allow for the
turbulence to develop on the parent grid. After four hours,
the wind profile on the parent mesh is consistent with a
neutral boundary layer and the resolved scale turbulence is
well established. The nested mesh is then spawned at hour 5
and the model run for an additional two hours. Data from
the last hour of the simulations are used for the analysis.

To validate the model configuration, we compare the
wind profile to the RS observations from Taylor and
Teunissen (1985, Fig 3.7d, p. 240) in Fig. Al. Three lines
are shown along with the reported measurements: the
domain averaged wind profile from the parent grid (ident-
ical for both simulations), and the RS profiles extracted
from the nested grids of the two simulations S50-50 and
S50-30. All model results are time averaged over the last
hour of the simulations. The parent grid results follow the
observations very closely. This provides assurances that the
parent grid feeds a wind profile to the nested grid that is in
good agreement with observations. The wind velocities tend
to be slightly larger at low levels on the nested grids
compared to the parent grid. Differences between S50-50
and S50-30 are small and only apparent in the lowest 30 m.
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