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1 INTRODUCTION

An accurate simulation of the evolution of the atmo-
spheric boundary layer is very important, as the evo-
lution of the boundary layer sets the stage for many
weather phenomena, such as deep convection. Over
mountain areas the evolution of the boundary layer is
particularly complex, due to the nonlinear interaction
between boundary layer turbulence and thermally-
induced mesoscale wind systems, such as the slope
and valley winds. As the horizontal resolution of
operational forecasts progresses to ner and ner
resolution, more and more of the thermally-induced
mesoscale wind systems can be explicitly resolved,
and it is very timely to document the current state-of-
the-art of mesoscale models at simulating the cou-
pled evolution of the mountain boundary layer and
the valley wind system.

In this paper we present an intercomparison of
valley wind simulations for an idealized valley-plain
con guration using eight state-of-the-art mesoscale
models with a grid spacing of 1 km. Different sets
of three-dimensional simulations are used to explore
the effects of varying model dynamical cores and
physical parameterizations. This intercomparison
project was conducted as part of the Terrain-induced
Rotor Experiment (T-REX; Grubisic et al., 2008).

2 EXPERIMENTAL DESIGN

Two sets of simulations were carried out in order
to explore the relative role of the model dynamical
cores, turbulence mixing parameterizations, radia-
tion transfer and land surface schemes. A set of "un-
coupled” simulations used a prescribed surface heat
ux, and a set of "coupled” simulations used com-
prehensive model physics (radiation transfer scheme
and land surface model). Although the setup for both
sets of simulations is described below, this paper will
focus on the results from the coupled simulations.

2.1 General setup

The intercomparisonis based on the idealized valley-
plain system shown in Fig. 1. This setup is similar to
con gurations used in previous studies (Li and Atkin-
son, 1999; Rampanelli et al., 2004). The topography

was chosen to satisfy the criteria listed in Rampanelli
et al. (2004): (1) A horizontal valley oor, so that the
along-valley wind has no upslope contribution, (2) a
long valley, so that the along-valley ow can develop
unhindered from numerical boundary conditions in
the along-valley direction, (3) moderately steep val-
ley slopes which can be adequately represented by
current mesoscale models. In contrast to previous
studies, a large computational domain and periodic
lateral boundary conditions were chosen in order to
minimize the in uence of the lateral boundaries on
the simulated ow.

The analytical expression for the topography
used is given by

z = h(x;y) = hphx(x)hy(y) (1)
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with valley depth h, = 1:5km, Vx = 0:5km (val-
ley oor half width), Sy = 9 km (sloping sidewall
width), Px = 1 km (plateau width in cross-valley di-
rection), Py = 100 km (plateau half width in along-
valley direction), Sy = 9km, and X2 = V, + Sy,
X3 = Vx+ Sx+Px, Xa = V+2S,+ Py, Yo = Py+Sy.

The simulations are started from an atmosphere
at rest. The initial condition for the atmosphere is
given by the potential temperature distribution

(2)= exp( z)] 4

where s = 280K, =3 :2Kkm 1, = 5K, and
=0:002m 1!, the surface pressure ps = 1000 hPa,
and a constant relative humidity of 40%. The initial
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temperature pro le describes an atmosphere with a
constant strati cationof N 0:011s ! with a super-
imposed near-surface stable layer.

The computational domain of the simulations is
400km in the y (along valley) direction and 120 km
in the x (across valley) direction. The grid spacing
is 1km in both directions. In the vertical, the com-
putational domain extends to at least 6.2 km and the
grid spacing varies from 20 m near the ground to a
maximum of 200 m above 2km. The lateral bound-
ary conditions are periodic, unless that option was
not available for a particular model. As top bound-
ary conditions a Rayleigh sponge was speci ed. All
simulations are run with the Coriolis force turned off.

The models were integrated for 12 hours from
sunrise (0600 local time (LT)) to sunset (1800 LT).

2.2 Uncoupled simulations

For the uncoupled simulations the surface sensible
heat ux is given by

Q(t) = Qosin(!t) ®)
where Qo = 200Wm 2, ! = 2 =24h !, and the
time t denotes hours since sunrise. The uncoupled

simulations use free slip lower boundary conditions
(i.e. zero momentum and latent heat ux).

2.3 Coupled simulations

In the coupled simulations the surface sensible heat
ux is determined by the model physics, that is by the
coupled land surface-atmosphere system. Additional

speci cations include

Radiative forcing determined by the location
(36 N, 0 E) and time of year 21 March 2007.

Uniform land surface characteristics: soil type
is sandy loam; vegetation is semidesert with
LAl 1.5, vegetation fraction 0.1, roughness
length 0.1m. Albedo is set to 0.27, if it is
not determined implicitly by the land surface
model.

Soil initialization: soil temperature is set equal

to atmospheric surface temperature, soil mois-
ture saturation ratio is 20 %.

2.4 Valley wind theory

Why does the above setup produce a valley wind?
It is well known, that thermally-induced valley winds
are generated by locally developed along-valley
pressure gradients produced hydrostatically from
temperature differences along the valley's axis and
between the valley and the adjacent plains (White-
man, 2000). The along-valley and valley-plain tem-
perature differences can be produced by at least

two factors: differences in the surface sensible heat
ux, and by the valley volume effect (Wagner, 1938;
Steinacker, 1984). The rst factor is excluded for the
uncoupled simulations, but both factors may be im-
portant for the coupled simulations.

2.5 Models

Table 1 gives a brief description of some of the main
characteristics of the eight mesoscale models. Note
that while most models use a non-local PBL-type tur-
bulence scheme, i.e. nonlocal diffusion, mass ux
scheme, or a TKE-based scheme with a nonlocal
turbulent length scale, EULAG and WRF-TKE use
a local TKE closure. All models, except RAMS, use
periodic lateral boundary conditions. RAMS employs
open lateral boundary conditions.

2.6 Intercomparison procedure

To make the results easily comparable, all variables
from each of the models were interpolated to a
destaggered grid in a common NetCDF le format.

3 RESULTS

In this section the results for the coupled simulations
are presented. It should be noted that the RAMS
results are not directly comparable to the other mod-
els, especially after 1200 LT. There is signi cant ow
(larger 0.5ms 1) through the lateral boundaries by
1130 LT which increases to over 2ms 1 in the after-
noon. No results will be presented for EULAG and
UM, as there are still some questions regarding the
model runs.

3.1 Forcing and mean temperature response

Figure 2 compares time evolution of the surface sen-
sible heat ux and the resulting potential temperature
evolution for a valley cross section located 20 km up-
valley from the valley entrance, to the corresponding
evolution over the plains. The differences between
the models in timing and magnitude of the sensible
heat ux is re ected in the corresponding evolution

of the vertically-averaged potential temperature. The
area-averaged surface sensible heat ux in the val-
ley is consistently larger than the corresponding heat
ux over the plains. The maximum surface sensible
heat ux over the plain is only 67 % to 88 % of the
corresponding valley value. It can be expected that
this valley-plain difference in surface sensible heat
ux will contribute to the strength of the valley wind,
in addition to the valley volume effect, and to some
of the differences between the models.



Table 1: Model Description. The following abbreviations are used: h for horizontal, v for vertical, ¢ for
computational mixing, SISL for semi-implicit semi-Lagrangian, NLD for nonlocal diffusion, MF for mass ux, D
for Deardorff-based TKE scheme, MY for Mellor-Yamada based TKE scheme, NL for non-local turbulent
length scale, and SLI for incoming radiation as a function of slope inclination.

Model Time Differ- dt Spatial Differ-  Turbulence Mixing Horizontal Mixing SLI
encing [s] encing Scheme

ARPS Leapfrog 12 h: 4th ord 1.5 ord D-TKE, NL c: 2nd ord, 0.0003s T yes
2nd ord v: 2nd ord (Sun and Chang, 1986)

COAMPSv3  Leapfrog 3 h+v: 2nd ord 1.5 ord MY-TKE, NL c: 4th ord, 0.005s 1 no
2nd ord (Thompson and Burk, 1991)

COAMPSv4  Leapfrog 3 h+v: 2nd ord 1.5 ord MY-TKE, NL c: 4th ord, 0.005s 1 no
2nd ord (Thompson and Burk, 1991)

EULAG MPDATA 10 h+v: 2nd ord 1.5 ord D-TKE TKE (isotropic) yes
2nd ord (Schumann, 1991)

MM5 Leapfrog 3 h+v: 2nd ord 1st ord PBL, MF c: 4th ord, 0.001s ! yes
2nd ord (Zhang and Anthes, 1982)

RAMS Leapfrog 5 h+v: 2nd ord 1.5 ord MY-TKE, NL Smagorinsky yes
2nd ord (Helfand and Labraga, 1988)

UM SISL 10 SISL 1st ord PBL, NLD+MF none no

(Lock et al., 2000)

WRF-TKE Runge-Kutta 1 h: 5th ord 1.5 ord D-TKE TKE (isotropic) no
3rd ord v: 3rd ord

WRF-YSU Runge-Kutta 1 h: 5th ord 1st ord PBL, NLD Smagorinsky no
3rd ord v: 3rd ord (Hong et al., 2006) V: none

3.2 Local boundary layer evolution

Figure 3 compares the boundary layer evolution in
terms of pro les of potential temperature at 1200 LT
at the four sites shown in Figure 1. A typical con-
vective boundary layer (CBL) has developed over the
plains, with mixed layer (ML) depths ranging from
300 m for RAMS to 1200 m for WRF-YSU. The ML is
about 1-2 K cooler for ARPS than for the other mod-
els, and about 5K cooler for RAMS. The cooler ML
for ARPS and RAMS is due to the smaller surface
sensible heat ux over the plains in those two models
(see Figure 2). A well mixed CBL has also developed
over the mountain ridge, with ML depths ranging
from 600 m to 1000m. A more complex temperature
structure has developed at the two valley sites. The
valley center site shows the typical three-layer struc-
ture found in many mountain valleys (Brehm, 1986;
Weigel et al., 2006), with a well mixed layer near the
ground separated by a stable layer from a second
nearly neutral layer aloft. There are large differences
in the simulated temperature structure between the
models. The depth of the ML ranges from 200m
(RAMS) and 400 m (COAMPSv4) to 1300m (WRF-
YSU); the height of the lower boundary of the upper
neutral layer varies between 1200 m (COAMPSv3)
and 1700m (WRF-YSU). The soundings over the
valley slope exhibit a similar structure to the valley
center site, but with a less marked stable layer, and
somewhat less variation between the models.

3.3 Cross-valley circulation

Figure 4 depicts vertical pro les of the cross-valley
wind speed over the western slope at x = 6km at
0900, 1200, and 1500 LT. The differences between
the models are relatively small in the morning, but
quite large in the afternoon. The depth of the ups-
lope wind layer growths from about 200m at 0900
LT, to 300-500m at 1200 LT, to over 500 m in some
models in the afternoon. Note also the onset of the
plain-to-basin wind about 500 m above ridge height,
which is clearly visible in the 1200 LT sounding, and
the large variability between the models in the sim-
ulated strength and structure of this wind, especially
in the afternoon.

The time evolution of the upslope wind on the
west slope at x = 6km is shown in Figure 5.
The wind starts soon after sunrise and increases in
strength until noon/early afternoon. At 100 m above
ground, the simulated evolution is initially quite simi-
lar, with the differences between the models increas-
ing during the day. And in the afternoon, the models
differ by more than two hours in the timing of the re-
versal to downslope ow. Closer to the ground sur-
face, the differences between the models are much
larger. The maximum upslope wind speed at 10m
above ground varies between less than 2ms ! for
MM5 to more than 4ms ! for ARPS (RAMS has
even larger wind speeds due to the open lateral
boundary conditions).



3.4 Plain-to-basin circulation

The plain-to-basin circulation (east-west wind) is
clearly visible in Figure 6, which depicts vertical pro-
les of the cross-ridge wind over the western ridge.
By 1200 LT, there is a plain-to-basin ow in the lowest
few hundred meters for all models except ARPS and
RAMS, and a return basin-to-plain ow in a layer ex-
tending from about 500 m to 1200 m above ground.
The retarded onset of the plain-to-basin circulation
for the two models over the western ridge is likely
due to the fact that they account for the dependence
of solar radiation on the inclination of the surface.
This leads to strong upslope ows on the east-facing
slopes and a delayed evolution on the west-facing
slopes. In contrast, the other models produce a sym-
metric evolution of the slope winds over east and
west-facing slopes. While MM5 also takes the sur-
face inclination into account, the near-surface wind
is already from west to east at 1200 LT, due to the
faster increase of the surface sensible heat ux in
MM5 than in ARPS and RAMS (see Figure 2). By
1500, there is a plain-to-basin circulation in all mod-
els, but with large differences in its vertical structure.

3.5 Along-valley ow

Figure 7 shows vertical pro les of the along-valley
wind at 1200 and 1500 LT over the valley center
and the western slope. At 1200 LT there is good
agreement in the simulation of the along valley wind
between the models (except RAMS), the simulated
maximum wind speed is about 5ms ®. Some dif-
ferences exist as to the depth of the along-valley
wind layer which varies between 1200 m and 1500 m.
At 1500 LT there are substantial differences in the
vertical structure of the simulated along valley wind.
The depth of the along-valley wind layer varies from
1000m for COAMPSv4 to over 2000m for WRF-
YSU.

The time evolution of the along-valley wind for
the valley center and the western slope is shown
in Figure 8. Initially there is good agreement be-
tween the models which decreases rapidly, however,
after noon. In the late afternoon, the simulated wind
speeds vary by more than 3ms . A similar de-
crease of agreement between the models is seen
in Figure 9, which shows the along-valley variation
of the along valley wind speed at 1200 and 1500
LT. As can be seen from Figure 10, which shows
the along valley wind for the uncoupled simulations,
identical forcing of the models through a prescribed
surface sensible heat ux does not reduce the vari-
ability between the models. In contrast, the differ-
ences are even larger, likely due to the free-slip lower
boundary condition used for the uncoupled simu-

lations Note, however, that in terms of the mean,
vertically-averaged, along valley wind the results for
the uncoupled simulations are more similar than for
the coupled simulations (not shown).

Figure 11 illustrates the similarities and differ-
ences in the spatial structure of the simulated along
valley wind together with the cross-valley circluation.
The gure is for 1200 LT, which is when the differ-
ences between the models are still relatively small.
Nevertheless, the diversity of results is quite large.
The depth of the along-valley ow layer in the valley
center is quite shallow for the two COAMPS models,
but it extends almost to the height of the mountain
ridges for many of the other models. Also the along-
valley ow has been advected by the cross-valley cir-
culation above the mountain ridges for some models
(COAMPSV3, UM), but not for others (ARPS, WRF-
YSU).

4 CONCLUSIONS

We have presented a detailed intercomparison of
six mesoscale models that are applied to simulate
the evolution of the coupled boundary layer - valley
wind system for an idealized valley-plain con gura-
tion. From the initial analysis of the results the fol-
lowing tentative conclusions can be drawn:

There is good agreement between the mod-
els in their simulation of the initial development
of the valley wind, between sunrise and noon.
The agreement is particularly high in the low-
est 500 m above ground level.

The strength and spatial structure of the simu-
lated along valley wind becomes more diverse
after midday, as the along valley wind interacts
with the cross-valley circulation and the turbu-
lent boundary layers.

While the initial temporal evolution and
strength of the mean-along valley ow are pri-
marily determined by the simulated surface
energy balance — radiation, land surface, and
atmospheric surface layer model —, the spa-
tial structure and later development of the
along-valley ow are strongly in uenced by the

mixing parameterizations (horizontal and ver-
tical).

There is less agreement between the models
with respect to the simulated evolution of the
local boundary layers. In the morning hours,
the differences are primarily related to differ-
ences in the simulated surface energy bal-
ance and to differences in the intensity of ver-
tical mixing induced by the PBL turbulence



schemes. In the afternoon hours, the differ-
ences between the models are also in uenced
by complex interactions between parameter-
ized turbulence, computational mixing and the
various thermally-induced mesoscale ows.
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Figure 1: (a) Contour plot of the three-dimensional valley-plain topography (contour values are 250, 750, and
1250 m) and computational domain adopted; only the southern half of the domain is shown. The blue lines
denote the location of the vertical cross sections and the red circles denote the location of the soundings to

be shown. (b) Cross section of topography and initial potential temperature distribution.



Figure 2: Time series of surface sensible heat ux (averaged from x
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Figure 3: Pro les of potential temperature at 1200 LT at four different locations (y =

40km for the plain,

y = 20 km for the other three sites). The horizontal line indicates the height of the mountain ridge.
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Figure 10: As in Figure 9, but for the uncoupled simulations.

100

1200 LT 1500 LT
T T T 10 T T T
— amps — ams
— coav3 — coav3
= — coav4 = — coav4
mm5 b 8 mm5
—— wrf_tke —— wrf_tke
— — wrf_ysu — wrf_ysu
\)
RS i
y 6 AR N
R > AN
&N I ~\ N R
NS u s f RN E
v R 1 =
I N N
| 4 \ NN
A i) N 2 1 ,I \\\\ 1
Lant ! 4
\ 1 iy V
| VAL \ I 189" <l 1
] A L L L L L 0 f V! L L L L L Y
40 20 0 20 40 60 80 100 40 20 0 20 40 60 80
y [km] y [km]



ARPS COAMPSV3
4 L I T T 1 1 I T T 1 I T T 1 1 I T T 1 1 I T 1 1 4 L I T T 1 1 I 1 T 1 I T T 1 1 I T T 1 1 I T 1 1

w
TT 1
[
w

AL

Vo
N

NI R B

0 5 10
MM5

TR BT B, NN IR R
-10 -5 0 5 10

COAMPSV4
b7 77

-10 5 0 5 10 -10 5 0 5 10
RAMS WREF-TKE
3k 4 3| .

-10 -5 0 5 10 -10 5 0 5 10
WRF-YSU
4 T
3

-10 -5 0 5 10
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