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ABSTRACT

The Weather Research and Forecasting model is used to perform large-eddy simulations of thermally driven
cross-basin winds in idealized, closed basins. A spatially and temporally varying heat flux is prescribed at the
surface as a function of slope inclination and orientation to produce a horizontal temperature gradient across the
basin. The thermal asymmetry leads to the formation of a closed circulation cell flowing toward the more
strongly heated sidewall, with a return flow in the upper part of the basin. In the presence of background winds
above the basin, a second circulation cell forms in the upper part of the basin, resulting in one basin-sized cell,
two counterrotating cells, or two cells with perpendicular rotation axes, depending on the background-wind
direction with respect to the temperature gradient. The thermal cell near the basin floor and the background-
wind-induced cell interact with each other either to enhance or to reduce the thermal cross-basin flow and return
flow. Itis shown that in 5-10-km-wide basins cross-basin temperature differences that are representative of east-
and west-facing slopes are insufficient to maintain perceptible cross-basin winds because of reduced horizontal
temperature and pressure gradients, particularly in a neutrally stratified atmosphere.

1. Introduction

Solar irradiation in mountainous terrain is strongly
inhomogeneous, depending on the inclination and the
orientation of the surface with respect to the sun
(Whiteman et al. 1989; Matzinger et al. 2003; Hoch and
Whiteman 2010). Spatial temperature variations result-
ing from irradiation inhomogeneities may produce local
pressure variations and thus affect the wind circula-
tion. Valley and basin topographies with two opposing
mountain sidewalls generally lead to asymmetric irradi-
ation with respect to the valley axis or basin center, thus
favoring the occurrence of cross-valley or cross-basin
flows from the less strongly sunlit to the more strongly
sunlit sidewall. The term cross-valley circulation has been
used in some studies to describe the two-dimensional
circulation induced by slope winds (e.g., Kuwagata and
Kimura 1997; Rampanelli et al. 2004). In this study, how-
ever, we define cross-valley flow or cross-basin flow (CBF)
only as a flow across the valley or basin from one sidewall
to the other, and we define cross-basin circulation as the
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circulation cell consisting of the CBF and a return flow
(RF) aloft. Thermally driven cross-valley or cross-basin
winds have been observed in the Columbia River valley,
Canada (Gleeson 1951); in the Kananaskis Valley, Can-
ada (MacHattie 1968); in the Dischma Valley, Switzer-
land (Hennemuth and Schmidt 1985; Hennemuth 1986;
Urfer-Henneberger 1970); and in Arizona’s Meteor
Crater (Lehner et al. 2011).

This paper is a continuation of research reported by
Lehner et al. (2011), in which data from the Meteor
Crater Experiment (METCRAX) field campaign in
Arizona’s Meteor Crater (Whiteman et al. 2008) were
analyzed to observe the diurnal cycle of cross-basin
winds in the crater. Mean surface cross-basin winds in
the Meteor Crater were on the order of 0.5-1 m s* on
the approximately 500-m-wide crater floor. Under qui-
escent conditions above the crater surface, winds in the
center of the crater were shown to be strongly related to
the difference in global radiation, temperature, and pres-
sure between two opposite crater sidewalls. Observations
of the CBF were mostly confined to the surface, however,
and the authors also found that under conditions with
strong background winds above the crater rim a thermal
CBF was not generally present at the crater floor.

In this study we use the Weather Research and Fore-
casting model (WRF) to systematically simulate the
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FIG. 1. Overview of all simulations and the respective combinations of background-wind speed, background-wind
direction, and basin width. Arrows indicate the background-wind direction: up arrows denote southerly, left arrows
denote easterly, and right arrows denote westerly background winds.

three-dimensional structure of the morning cross-basin
circulation inside an idealized basin that is based on
the topography of the Meteor Crater and to investigate
the impact of background winds above the basin on the
cross-basin circulation. A similar phenomenon is also
known on a smaller spatial scale: namely, in street can-
yons. The formation of vortices by background winds or
the channeling of background winds in street canyons in
combination with temperature inhomogeneities across
the street canyon has been investigated both observa-
tionally (Nakamura and Oke 1988; Offerle et al. 2007;
Niachou et al. 2008) and numerically (Sini et al. 1996;
Xie et al. 2005). To the authors’ knowledge, however,
thermally driven cross-basin or cross-valley flows and
their interaction with winds above the basin or valley
have not been studied yet on the larger scale of moun-
tainous terrain.

This study focuses mainly on three parameters and their
impact on the cross-basin circulation: 1) the background-
wind speed, 2) the direction of the background wind with
respect to the horizontal temperature gradient caused
by asymmetric irradiation on the basin sidewalls, and 3)
the width of the basin to determine the expected strength
or the probability of occurrence of CBF in basins or val-
leys of different sizes. Figure 1 summarizes the respective
combinations of wind speed, wind direction, and basin
width for all 27 simulations. Simulations with a constant
basin-floor width of 500 m (comparable to the Meteor
Crater), varying background-wind speeds of 0-5 m s~ !
and wind directions parallel, perpendicular, and opposite
to the temperature gradient are described in section 3.
Simulations with basins of different sizes, ranging from

250-m-wide to 10-km-wide basin floors, are discussed in
section 4. The influence of atmospheric stability on the
cross-basin circulation is not investigated systematically
in this study. The diurnal change in stability caused
by surface heating is used to evaluate the different re-
sponse of the cross-basin circulation to the background
wind under stable and neutral conditions, however.
A sensible heat flux is prescribed at the surface that
is representative in magnitude of the thermal forcing
during the morning period at the Meteor Crater in
October. The combination of the temporal evolution
of the surface heat flux and a stably stratified initial
sounding makes the idealized model results comparable
to the development of the cross-basin circulation in the
Meteor Crater between sunrise and noon. A compari-
son of model results and Meteor Crater observations is
shown in section 2e.

2. Model setup

The simulations are performed with the Advanced
Research WREF, version 3 (Skamarock et al. 2008), in
large-eddy simulation (LES) mode. The LES capabil-
ities of WRF have been tested and used in previous
studies both over flat terrain (Antonelli and Rotunno
2007; Moeng et al. 2007) and over complex terrain
(Catalano and Cenedese 2010; Catalano and Moeng
2010).

a. Model domain

The idealized basin topography is based on the to-
pography of Arizona’s Meteor Crater. It is a rotationally
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FI1G. 2. Cross sections through model topographies with basin-floor widths of 0.25, 0.5, 1,2, 5,
and 10 km. Black crosses indicate the locations of grid points gp-ctr, gp-e, and gp-esl in the

10-km basin.

symmetric, bowl-shaped basin with a floor-to-rim depth
of ~170 m. Simulations are run with different basin-
floor widths of 0.25, 0.5, 1,2, 5, and 10 km while the slope
angle is kept approximately constant. Cross sections
through all six basins are shown in Fig. 2.

The model domain covers approximately 15 km in the
horizontal directions (301 u and v grid points on the
Arakawa-C grid in the x and y directions, respectively)
for simulations with a 0.25-2-km-wide basin. For simu-
lations with a 5- or 10-km-wide basin, the domain covers
20 and 25 km (401 and 501 grid points), respectively.
The horizontal grid spacing is Ax = Ay = 50 m. At the
lateral grid boundaries, a periodic boundary condition is
applied. In the vertical direction, the domain covers
a height of 6 km, with 35 vertical levels. The grid spacing
is stretched from Az ~ 10 m near the surface (i.e., the
lowest mass grid point is at =5 m) to Az ~ 920 m near
the top of the domain. Vertical gridpoint distances are
only approximate values because WRF uses a terrain-
following pressure coordinate in the vertical direction.
Mirocha et al. (2010) show that their WRF-LES simu-
lations agree best with expected solutions from simi-
larity theory if they use a grid aspect ratio Ax/Az that is
between 2 and 4. In our simulations, the ratio is slightly
higher, with Ax/Az ~ 5.2 near the surface. The goal of
our simulations, however, is to investigate the some-
times shallow thermally driven flow near the surface,
which requires a sufficient number of vertical levels in
the lowest part of the atmosphere to resolve the flow
properly. This means that the need for an ideal aspect
ratio must be balanced by the need for high vertical
resolution. Within the lowest ~180 m (basin depth ~
170 m), 11 model levels are used.

b. Model initialization

Temperature is initialized to be horizontally homo-
geneous with a combination of two smoothed temper-
ature soundings taken at 0600 mountain standard time
(MST) 23 October 2006 inside and outside the Meteor
Crater (see initial +0-h profile in Fig. 3a). Data from a
tethersonde flown from the center of the crater to a height
of ~235 m are used for the lower part of the atmo-
sphere and are complemented by data from a rawin-
sonde launched in the close vicinity of the crater basin.
Observations from the METCRAX field program re-
vealed a pronounced CBF in the morning of 23 October,
which indicates that the atmospheric stability on this
day was conducive to the formation of CBFs. All simu-
lations are run with a dry atmosphere. For simulations
with background wind, wind speed and wind direction
are initialized to be horizontally and vertically homo-
geneous at all heights above 180 m, thatis, ~10 m above
the basin rim. The atmosphere inside the basin and
within the lowest 50 m above the surrounding plain is

initialized with O m s .

¢. Model physics and parameterizations

A large time step (as opposed to the small acoustic
time step) of 0.5 s is used. Coriolis force is neglected
because of the small model domain. The “Noah’ land
surface model (Chen and Dudhia 2001) is used in com-
bination with the eta surface layer scheme (Janji¢ 1994),
which is based on Monin—Obukhov similarity theory, to
calculate momentum fluxes from the ground to the at-
mosphere. The kinematic heat flux H is prescribed at the
surface as a function of time and terrain as detailed in
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FIG. 3. Vertical profiles in the center of the 500-m basin of (a) initial potential temperature 6 profile at +0.0 h; (b) potential temperature
for 0 and 5 m s~ ! westerly background wind at +1.0, +2.0, +3.0, +4.0, +5.0, and +6.0 h (from low to high 6 values); and (c) horizontal
wind speed for 0 m s~ ! background wind and 2 m s~ ! westerly, easterly, and southerly background winds at +3.0 h. Note the different

height scale in (a).

the following paragraph. The simulations are run for 6 h.
By this time, the basin atmosphere is well mixed and no
further information is gained from the simulations.
The heating (i.e., a positive H) is turned on after 1 h of
simulation time; during the first hour H is set to zero. A
sine function is used to describe the temporal variation
of H on a flat surface, with an amplitude of 0.15 K m s~
and a period 7 of 24 h { Hpjane = 0.15 K m s~ X sin[(t —
1)7r/7]}, where t is simulation time in hours. The ampli-
tude of 0.15 K m s~ !is representative of observed values
at the Meteor Crater (=111°W, =~35°N) in October. Since
the simulations are run for 6 h but the maximum on the
horizontal surface would be reached after 7 h of simu-
lation time, H increases throughout the simulation pe-
riod. The temporal evolution of H is thus representative
of the morning period before noon. For surfaces that are
not horizontal, H is a function of slope inclination and
orientation, similar to the effect of slope orientation on
the incoming solar radiation. The kinematic heat flux at
any grid point is given by
H=H_ + (Hp

— H_. )cosi/cosd

lane max’

where Hy,i, = 0.05Hane is @ minimum kinematic heat
flux that is applied at every grid point, independent of
the slope inclination and orientation, similar to the ef-
fect of diffuse radiation in shaded areas. The numerator
COSi = €088 COSOax T SING SINS 1y« cOS(90° — «), where &
is the slope angle and « is the azimuth angle. The heat

flux is thus distributed so that the maximum possible H
at any given time would be on the west sidewall (facing
directly east), where a = 90°, at a slope angle of §,.x =
60°. Because the maximum slope angle of the basin
sidewalls is ~35°, however, the actual H is smaller than
the maximum possible H throughout the basin. The re-
sulting heat flux distribution yields a maximum on the
west sidewall and a minimum on the east sidewall. The
locations of the local maximum and minimum do not
change with time.

The subgrid-scale model used to parameterize the
effects of the small, unresolved turbulent motions is the
WREF 1.5-order turbulent kinetic energy scheme. Catalano
and Moeng (2010) suggest applying a correction func-
tion to the isotropic filter length scale based on Scotti
et al. (1993) to take into account the strong anisotropy
of the grid (Ax/Az > 1). Here, we use instead the stan-
dard WRF anisotropic diffusion option, which calculates
separate horizontal and vertical length scales. Tests with
more vertical grid points, that is, weaker grid stretching,
and isotropic diffusion had very little effect on the re-
sults. An explicit, 6th-order numerical diffusion (Knievel
et al. 2007) is used to dampen 2-Ax waves, and, in the
vertical direction a Rayleigh damping layer is applied to
the topmost 1 km.

d. Analysis and time averaging

Thermally driven cross-basin winds are a phenomenon
of the mean wind. Many previous LES studies derived the
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mean flow field from spatial and/or temporal averages,
either in both the x and y directions for simulations over
homogeneous terrain (e.g., Smith and Skyllingstad 2005;
Axelsen and van Dop 2009) or only in one direction over
two-dimensional terrain (e.g., Catalano and Moeng 2010).
The three-dimensionality of our topography makes spa-
tial averaging impossible and thus necessitates temporal
averaging. Because of data storage restrictions the model-
field output frequency is limited. Three-dimensional
model fields were output every 5 min and then averaged
over 0.5-h intervals. The time given in the figures and the
text always indicates the end of the averaging period.
Because of the small sample size of only 6 values, some
fields show indications of turbulent motions even after
averaging. Additional time series were output at every
time step (0.5 s) for five near-surface (first model level)
grid points in the center of the basin (gp-ctr) and at lo-
cations along the north (gp-nsl), south (gp-ssl), west (gp-
wsl), and east (gp-esl) sidewall and then were averaged
over 10-min intervals. Grid points gp-ctr and gp-esl in
the 10-km basin are shown in Fig. 2. The heights above
the basin floor of gp-nsl, gp-ssl, and gp-wsl are identical
to the height of gp-esl in the rotationally symmetric
basin and are approximately 35 m in all basins.

e. Comparison of model results with observational
data

Before continuing with the analysis of the simulations,
we want to verify the model results. For this purpose,
results from the simulation with the 500-m basin and no
background wind are compared with data from the
METCRAX field campaign (Fig. 4). The observational
data in Fig. 4 are mean values for the period from 1 to
30 October 2006 after filtering to remove data for back-
ground winds exceeding 4 m s™! at the basin rim. A
detailed description of the data analysis and the CBF
and cross-basin differences in the Meteor Crater can be
found in Lehner et al. (2011). Sunrise at the Meteor
Crater occurred at about 0700 MST on the west sidewall
during October. Thus, the 6-h simulation period is com-
pared with the morning period from 0600 to 1200 MST
so that the time of sunrise corresponds to +1.0 h, that is,
the time when the surface heat flux is turned on in the
model. The curve for the east-west heat flux difference
in the Meteor Crater ends slightly before 1200 MST
because of missing data after this time. Overall, the
model-produced cross-basin heat flux, temperature, and
pressure differences and the wind in the center of the
basin compare well to the observations. After 1000 MST
(+4.0 h) the model starts to deviate slightly from the
observations because of the larger heat flux difference in
the model, which leads to a stronger pressure difference
and CBF. This is not surprising considering that in the
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FIG. 4. Comparison of WRF output with observational data from
the METCRAX field campaign: (a) heat flux difference between
the east and west basin sidewalls, (b) east-west temperature dif-
ference, (c) east—west pressure difference, and (d) east-west wind
component in the center of the basin. WRF differences are calcu-
lated between gp-esl and gp-wsl; u in (d) is at gp-ctr. The time series
are taken at the first model level, i.e., ~5 m above the surface. Heat
flux and temperature differences are 10-min averages from 0.5-s
time series output; pressure differences are 5-min instantaneous
values. METCRAX data are averaged over a 1-month period;
pressure and wind measurements were taken at 2 m above ground
level.

Meteor Crater the direction of the horizontal gradients
does not stay constantly in an east-west direction but
changes continuously as the sun moves across the sky.
Until about 0900 MST, the modeled east—west temper-
ature difference compares best to the observed tem-
perature difference that was measured 5 m above the
surface, which agrees with the height of the first model
level. While the difference in the observations decreases
or changes sign, the modeled difference continues to
increase in agreement with the increasing heat flux dif-
ference so that it then compares better to the tempera-
ture difference measured at 5 m above the surface.

3. Background wind

Thirteen simulations were performed for the 500-m-
wide basin with different background-wind speeds and
directions. Wind direction varied from west (opposing
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the horizontal heat flux gradient V,H) to south (per-
pendicular to V,H) and east (parallel to V,H). Four
simulations with wind speeds of 1,2,3,and 5 m s Lwere
run for all three wind directions, plus one simulation

with 0 m s~ ! background wind (Fig. 1).
a. General evolution of the basin atmosphere

The development of the temperature structure in the
basin is very similar for all simulations (see, e.g., the
potential temperature profiles for 0 and 5 m s~ west-
erly background winds in Fig. 3b). Mixing is slightly
stronger for higher background-wind speeds, causing
higher temperatures within the basin. The stronger mix-
ing also produces an earlier neutral basin atmosphere; for
example, 5 m s ' westerly background winds produce
amixed layer at the top of the basin already at +3.0 h and
a completely mixed basin atmosphere above the shallow
superadiabatic layer at +4.0 h. The interaction of the
background wind and the thermal cross-basin circulation
will be compared for the stable, decoupled basin atmo-
sphere (from ~+1.0 to +3.0 h) and the unstable, coupled
atmosphere (after ~4.0 h).

Examples of the three-dimensional wind field inside
the basin are shown at +3.0 h for the 0 m s~ ' and all
three 2 m s~ ! background-wind cases in Fig. 5. This time
corresponds to the last averaged output time at which
the surface CBF has not ceased in any simulation (sec-
tion 3b). The 2 m s~ background-wind speed shows the
developing circulation pattern best and is representative of
patterns at other background-wind speeds. Higher back-
ground winds usually produce also stronger winds inside
the basin and a deeper penetration of the background-
wind-induced circulation.

Upslope winds form along the greater part of the basin
sidewall and are strongest on the west sidewall (lowest u
and highest w values; see, e.g.,0 m s~ ' in Fig. 5). Upslope
winds at the west sidewall (at gp-wsl), which receives
maximum heating, are mostly persistent throughout the
entire simulation period independent of the background-
wind direction for background-wind speeds of 3 m s~ or
lower (not shown). On the east sidewall (at gp-esl), which
receives minimum heating, winds vary more strongly with
a less steady upslope flow. At gp-nsl and gp-ssl constant
upslope winds occur for wind speeds of 2m s~ ' or
lower. The upslope flow is compensated by subsidence
throughout the basin.

Without a background wind, the strongest subsidence
(sinking motions of greater than 5 cm s~ ') occurs in the
lower part of the basin, where upslope winds occur
above most of the sidewalls and the basin cross section is
smallest. An easterly CBF is present in the lowest levels,
with a westerly RF above ~50 m. The maximum RF (at
the 100-m level) is shifted to the west sidewall, where
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stronger subsidence occurs. This area also contains the
strongest v components away from the slope. The cir-
culation pattern in the completely thermally driven case
is thus characterized by upslope winds along the side-
walls, an easterly CBF near the basin floor with a deep
westerly RF aloft, and a slope-following, downward di-
rected flow above the upslope-wind layer, which feeds
into the CBF.

With a westerly background wind, which opposes the
CBF and is parallel to the RF, the CBF layer becomes
deeper than 100 m with the strongest easterly winds
near the top. The westerly RF above the CBF changes
continuously into the westerly background wind. Also,
the region of strongest v components away from the
slope is shifted toward the east relative to the no-wind
case. Rising motions in the west part of the basin and
increased subsidence near the center indicate the pres-
ence of a closed clockwise-rotating circulation near the
basin top, induced by the background wind. The lower,
easterly branch of this circulation thus enhances the
thermally driven CBF in depth and strength, and the
westerly background flow aloft replaces the thermal RF.
The size and the exact location of the background-wind-
induced vortex vary with background-wind speed. It is
difficult to determine a rule for these variations from the
simulations, however, except that for 5 m s ! back-
ground winds the circulation cell shows an additional
downward motion in the along-flow direction in the
center of the vortex, which splits the upward motion of
the vortex into two parts (see, e.g., Sms ' westerly
background wind in Fig. 5).

With an easterly background wind, which is parallel to
the CBF and opposes the RF, the easterly CBF is again
confined to the lower part of the basin. The westerly RF,
however, is more strongly developed than in the purely
thermal case (see the 100-m level in Fig. 5). Similar to
westerly background winds, positive w components in
the upper part near the east sidewall indicate the pres-
ence of a, in this case, counterclockwise-rotating circu-
lation cell at the top of the basin. The thermal circulation
at the basin floor and the background-wind-induced
circulation at the top thus form two counterrotating cells
with a strong RF in the center.

A comparison of the horizontal wind speed in the
center of the basin for different wind directions (Fig. 3¢)
confirms that wind speeds between 50 and 150 m are
weakest without a background wind, that is, with only
thermal forcing. For 2 m s~ background winds, the
highest wind speeds are produced for easterly back-
ground winds, with the thermal and the background-
wind forcing pointing in the same direction. Lowest
wind speeds occur for westerly background winds, with
the thermal and the background-wind forcing opposing
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FIG. 5. Horizontal cross sections of (left) u, (left center) v, and (right center) w wind components at 10, 30, 60, 100, and 140 m and (right)
schematic diagrams of the wind circulation at +3.0 h for (top) 0 m s~ ! background wind; 2 m s~' (top middle) westerly, (middle) easterly,
and (bottom middle) southerly background winds; and (bottom) 5 m s~ ! westerly background wind. Note the different scales for the
5 m s ! background-wind case. Black arrows in the schematic diagrams indicate surface winds, blue arrows indicate winds in the basin,
and light blue arrows indicate background winds above the basin. Solid arrows indicate winds along an east-west cross section, and dashed
arrows indicate winds off to the north and south (Om s ', W2ms !, and E 2 m s !) or at an angle to the east-west cross section
(S2ms .

each other. Wind speeds for southerly background becomes less symmetrical with respect to the east-west
winds lie between these cases, with the thermal and the axis. The axis of lowest CBF speeds near the basin floor
background-wind forcing along different axes. is shifted slightly to an east-southeast-west-northwest

With a southerly background wind, which is perpen-  direction, and the area of maximum subsidence is confined
dicular to both the CBF and the RF, the circulation to the southeastern part of the basin. The u component



JUNE 2012

400

Geopotential height (m)
S
o

LEHNER AND WHITEMAN

7 7.5 8 7
Distance (km)

7.5
Distance (km)

8 7 7.5 8

Distance (km)
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plane.

at 60 m, however, is asymmetric with respect to the
northwest—southeast axis with a deeper CBF layer in the
northeastern part as compared with the rest of the basin.
The circulation above ~100 m is mostly characterized
by the north-south-rotating, background-wind-induced
cell, as well as the RF of the thermal circulation, which
leads to a shift of the originally westerly RF to a more
northwesterly direction.

Stronger background winds start to influence the
surface winds at the basin floor earlier than weaker
background winds because of stronger shear mixing
from above (Fig. 3b). For a 5 m s~ ! background wind,
surface winds show a component in the direction of the
background wind throughout the basin at +4.0 h. This
includes downslope winds on the west sidewall for west-
erly background winds. For 3 m s~ ! westerly background
winds, the greater part of the basin atmosphere shows
westerly winds by this time. The thermal circulation still
prevails within a shallow layer close to the surface on the
west sidewall, forming a small eddy (Fig. 6a). This eddy
near the west sidewall grows with decreasing background-
wind speeds, spanning the entire western half of the
basin for 2 m s~ ' (Fig. 6b) and almost the entire basin
and reaching up to a height of ~300 m for 1 m s
background winds (Fig. 6¢). A similar, but much smaller,
eddy forms in the lee of the upstream rim for easterly
background winds of 1 and 2 m s~ (not shown). In this
case, the heating on the east sidewall is insufficient to
produce a strong upslope flow and a large eddy compa-
rable to that produced on the west sidewall with westerly
background winds. For southerly background winds, the
circulation with respect to the north-south axis is almost
symmetric with a slightly stronger circulation cell in the
western part due to the cross-basin temperature gradient.
In the north-south direction, however, the circulation is

very similar to the circulation in the east-west direction
for westerly background winds. This suggests that in the
neutral atmosphere the wind field within the basin is
mainly determined by the background wind so that the
thermal CBF plays only a minor role.

b. CBF and RF characteristics

After the onset of heating at +1.0 h, surface (i.e., at
the first model level) winds at the basin center turn to
a constant easterly direction, with wind speeds in-
creasing with time (Fig. 7). This initial development
during the first ~2 h after the onset of heating, when the
basin is decoupled from the atmosphere aloft, is almost
identical for all simulations. Variations in u are slightly
stronger for higher background-wind speeds of 3 and
5 m s~ !, but CBF speeds still have a similar magnitude.
After +3.0 h, when the basin atmosphere is close to
neutral, surface winds become more variable and in-
crease strongly in magnitude. Whereas surface u re-
mains mostly easterly with a trend to increasing wind
speeds with time for background winds of 2 m s~ ' or
less, surface u for background winds of 3 m s~ ' or more
changes suddenly and then remains mostly constant with
slight variations for the rest of the simulation period.

Onset times of the surface CBF were determined from
the time series output at gp-ctr with a resolution of
10 min (Fig. 8). The onset is defined as the time at which
the surface u component becomes lower than —0.1
m s~ ' (negative values denote easterly winds) after +1.5 h.
The additional 0.5 h after the onset of heating avoids the
early period of very weak and varying winds. The earliest
onsetis +1.5 hfora5 m s~ westerly background wind,
whereas the latest onset is +2.0 h for easterly back-
ground winds of 2 m s~ ! or more. This result suggests
that easterly background winds can dampen the onset of
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FI1G. 7. Time series of surface u wind components in the center of the 500-m-wide basin for all
simulations with (a) 02 m s ! and (b) 3 and 5 m s~ ! background wind.

the thermally driven CBF at the basin floor even though
the basin atmosphere is stably stratified. The damping
seems to be caused by vertical momentum transport
from the westerly and thus CBF-opposing flow in the
lower branch of the background-wind-induced circula-
tion cell. In a similar way, a westerly background wind
seems to accelerate the onset slightly relative to east-
erly and southerly winds. For southerly background
winds, the onset is identical to the 0 m s~ ' case, with an
onset time of +1.83 h except for 3 m s~ ! background
wind.

Further CBF and RF characteristics were determined
for every half hour from vertical profiles at the center of
the basin floor (gp-ctr) and four grid points located
halfway between gp-ctr and the north (gp-n), south (gp-
s), east (gp-¢), and west (gp-w) sidewalls, respectively
(see the location of gp-e in the 10-km basin in Fig. 2).
The parameters include CBF surface wind speed; CBF
layer depth; CBF maximum below the top of the CBF
layer or below 200 m, whichever is lower; the height at
which the maximum occurs; RF layer depth; RF maxi-
mum between the bottom and the top of the RF layer or
200 m, whichever is lower; and the height at which the
RF maximum occurs. These parameters are only defined
if the surface u at the respective time shows an easterly
wind component. Furthermore, all parameters charac-
terizing the RF are only defined if the RF starts at

a height lower than 200 m, because we are only in-
terested in an RF in or directly above the basin. The
CBF layer is defined as the layer with an easterly wind
component directly above the surface. Its top corre-
sponds to the height of the last grid point where an
easterly wind component occurs and is topped by the RF
with a westerly wind component. Table 1 summarizes
the above parameters at gp-ctr at +1.0, +3.0, and
+5.0 h, which represent the atmosphere before the on-
set of heating, during the stable regime, and during the
neutral regime, respectively.

A comparison of the five locations shows that CBF
and RF characteristics are very similar at gp-n and gp-s
for westerly and easterly background winds, particularly

=
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£ B ® + +
5 (O] @
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£ E wind
2 4+ Swind

1L : . . . ‘
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FIG. 8. Surface CBF onset time (see text for definition) in the
center of the 500-m basin for different background-wind speeds
and background-wind directions.
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TABLE 1. CBF and RF characteristics for different background-wind speeds and background-wind directions at gp-ctr. Values are given
at +1 h (onset of heating), +3 h (basin atmosphere decoupled from the atmosphere aloft), and +5 h (basin atmosphere coupled to the

atmosphere aloft). Dashes indicate values that are not defined; bw stands for background wind, indicating that the CBF or RF is coupled to

the background wind with the same wind direction so that its depth cannot be determined. See text for more information.

West (W) wind (m s~ 1)

East (E) wind (m s~ %)

South (S) wind (m s~ %)

Time (h) Oms ! 1 2 3 5 1 2 3 5 1 2 3 5
CBF surface speed (m s~ 1)

+1 — 0.02 0.03 0.02 0.07 — — — — — — — —

+3 0.4 0.26 0.27 0.23 0.07 0.43 0.31 0.34 0.32 0.35 0.27 0.21 0.21

+5 1.18 1.18 0.82 — — — 0.53 1.12 1.63 0.11 0.49 —
CBF depth (m)

+1 — 6 6 6 41 — — — — — — — —

+3 42 115 115 93 93 28 28 28 16 28 28 42 57

+5 58 75 43 — — — bw bw bw 323 375 6 —
CBF max (m s~ ")

+1 — 0.02 0.03 0.02 0.07 — — — — — — — —

+3 0.4 0.26 0.41 0.46 0.67 0.43 0.31 0.34 0.32 0.35 0.27 0.21 0.21

+5 1.18 1.18 0.82 — — — bw bw bw 0.16 0.49 —
Height of CBF max (m)

+1 — 6 6 6 6 — — — — — — — —

+3 6 6 93 74 74 6 6 6 6 6 6 6 6

+5 6 6 6 — — — bw bw bw 95 6 6 —
RF depth (m)

+1 — 0 0 0 0 — — — — — — — —

+3 82 bw bw bw bw 97 98 73 65 125 232 177 41

+5 126 bw bw — — — — — — — — 154 —
RF max (m s~ ')

+1 — 0.01 0.04 0 0.06 — — — — — — — —

+3 0.38 bw bw bw bw 0.52 0.7 0.66 0.74 0.27 0.19 0.09 0.18

+5 0.21 bw bw — — — — — — — — 0.13 —
Height of RF max (m)

+1 — 16 16 16 56 — — — — — — — —

+3 114 bw bw bw bw 93 93 93 74 93 93 74 93

+5 95 bw bw — — — — — — — — 117 —

before +4.0 h, and thus that the development of the
CBF and REF in the stable atmosphere is approximately
symmetrical with respect to the east-west axis (not
shown). With southerly background winds, values at
gp-n and gp-s start to differ earlier and more strongly,
particularly for RF characteristics because of the
stronger influence of background winds near the top of
the basin. Throughout most of the simulation the CBF is
stronger and more persistent at gp-w than at gp-ctr and is
weaker and often not defined at gp-e. Only with easterly
background winds does a more persistent easterly wind
develop at gp-e after ~+3.0 h, with values of more than
1 m s~ ! forthe 5 m s~ ! background-wind speeds. This is
an indication of easterly background winds being mixed
down to the surface. With westerly background winds,
nonthermal easterly surface winds with values of 0.02—
0.07 m s~ ' are already present at gp-ctr at +1.0 h (Table
1). Half an hour later, however, CBF speeds are rela-
tively independent from the background wind, at 0.02—
0.04ms™".

Simulations with easterly background winds give an
estimate of the time at which the surface winds become

coupled to the background wind above the basin. At that
time the CBF makes a sudden transition into the back-
ground wind having the same wind direction so that the
depth of the CBF can no longer be determined (denoted
by “bw” in Table 1). Coupling occurs between +3.0 and
+5.5 h depending on the location within the basin and
on the background-wind speed, with higher wind speeds
being mixed down faster than weaker winds. Of interest
is that the CBF layer for easterly background winds
seems to grow faster to the north and south of the center
between +2.0 and +3.0 h, and then the depth decreases
again slightly before the CBF couples to the background
wind. For westerly background winds, however, the
CBF layer grows more slowly away from the center, that
is, at gp-s, gp-n, and gp-w (except for the 5 m s~ ! case at
gp-w); the CBF is deeper at gp-e if it is present. A pos-
sible explanation is that the effect of the background-
wind-induced circulation (enhancing for westerly winds
and damping for easterly winds) decreases with distance
to the north and south.

In the case of easterly background winds, in which two
counterrotating cells form, the CBF maximum values
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1

and gp-wsl in the 500-m wide basin for 0 and 1 m s~ west, east, and south background wind.
Heat flux and temperature gradients are 10-min averages from 0.5-s time series output; pressure

gradients are 5-min instantaneous values.

are mostly reached at the surface throughout the basin.
For westerly background winds the CBF maximum is
reached more often away from the surface as background-
wind speeds increase. The maximum height is connected
to the depth of the CBF layer, since it has to occur within
that layer. Thus, the CBF maximum is reached at higher
levels during the first few hours for simulations with
strong westerly background wind because the CBF layer
grows faster.

According to its definition, the RF starts at the first
model level above the CBF layer. If the CBF layer,
however, is deeper than 200 m then the RF is not de-
fined. Similar to the CBF depth for easterly background
winds, the RF depth for westerly background winds re-
veals the coupling of the RF to the background wind
(denoted by bw). Because the CBF layer at gp-ctr grows
more rapidly for higher winds speeds, the top of the RF
also reaches the downward-growing layer of westerly
winds more quickly. For 3 and 5 ms™! the coupling
occurs already within the first half hour after the onset
of heating. At gp-n and gp-s, on the other hand, the cou-
pling occurs only between +2.5 and +3.0 h, independent
of the background-wind speed. The RF layer for southerly

background winds becomes deeper (up to ~230 m at
gp-ctr) than the RF layer for easterly background winds,
which oppose the RF.

The RF attains maximum values of upto ~0.7 m s~ at
gp-ctr for easterly and ~0.4 m s~ ! for southerly back-
ground winds. For westerly background winds, however,
the RF, which makes a transition directly into the back-
ground flow, shows higher maxima with up to ~34 m s *
at gp-ctr for 5 m s~ ! background winds. In a similar way,
RF maxima are obtained at lower heights for easterly
background winds (below 120 m), whereas maxima for
southerly and westerly background winds are reached at
heights of up to ~200 m.

¢. Thermal CBF forcing

1

The magnitude of the east-west temperature gradient
|AT/Ax|, calculated between gp-esl and gp-wsl, increases
quickly from ~0.06 X 10> K m~ ' at +1.5 h to ~0.6 X
102 Km ' at +2.0 h (e.g., Fig. 9b for 0 and 1 m s~ !
background winds). Without a background wind, A7/Ax
is mostly a function of the heat flux gradient AH/Ax (Fig.
9a), with an almost linear relation (not shown). Only in
the neutral basin atmosphere after ~4.0 h do values
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deviate more strongly from a linear curve. The tem-
perature gradient stays negative throughout the entire
simulation period for all 1 m s~ ! background-wind sim-
ulations except for a short period in the case of westerly
background winds, in which A7/Ax starts increasing at
~+2.5 h and reaches its peak at +4.0 h before it drops
again. Similar sudden increases (westerly background
wind) or decreases (easterly background wind) in AT/Ax
or increases in AT/Ay (southerly background wind)
occur also in all other background-wind cases except
for 1 m s~ ' easterly winds. With higher wind speeds,
the temperature gradient peaks earlier, for example,
at +3.0 h for 5 m s~ ! background winds. A faster down-
ward growth of the mixed layer aloft on the downstream
basin side and thus an earlier coupling with the growing
mixed layer in the basin results in stronger surface tem-
perature increases on the downstream sidewall and these
sudden changes in the cross-basin temperature difference.
Except for these short periods, A7/Ax is relatively constant
after +2.0 h with ~—1.0 X 107> K m~ ', independent of
background-wind direction and speed. Of interest is that
the maximum |A7/Ax| reached at the end of the simu-
lation period is generally weaker with background winds
when compared with no background wind (e.g.,1 m s !
in Fig. 9b). This suggests stronger horizontal mixing in
the basin in the presence of background winds.

The east-west pressure gradient Ap/Ax becomes posi-
tive after the onset of heating and increases with time,
independent of the winds above rim level. Once the basin
atmosphere is coupled to the atmosphere aloft, Ap/Ax
seems to be strongly influenced by the background-wind
direction even with a comparatively weak background
wind of 1 m s~ . This becomes obvious from the opposite
signs of Ap/Ax for easterly and westerly 1 m s~ ' back-
ground winds with positive signs (i.e., higher pressure on
the east sidewall) for westerly winds and negative signs
(i.e., higher pressure on the west sidewall) for easterly
winds (Fig. 9c). In the case of southerly 1 m s ! back-
ground winds, however, Ap/Ax remains slightly positive,
similar to the no-background-wind case. This suggests that
the simulations with southerly background winds give an
estimate of the pressure gradient produced by asymmetric
heating. The absolute value |Ap/Ax| for westerly back-
ground winds is mostly higher than for easterly back-
ground winds, particularly after +4.0 h, which indicates
a combination of thermal and dynamic forcing. Opposing
signs of Ap/Ax for easterly and westerly background winds
(and equally a positive Ap/Ay for southerly background
winds) are also produced for higher wind speeds of 2, 3,
and 5m s~ ! Despite the negative Ap/Ax for easterly
background winds, an easterly CBF persists throughout
most of the simulation period for low background-wind
speeds of 2 m s~ ! or less (Fig. 7a).
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4. Basin width

We ran simulations with basin floor widths of 0.25, 0.5
(the same simulation that was discussed as the no-wind
simulation in section 3), 1, 2, 5, and 10 km. The shape of
the basin sidewalls was kept constant so that the cross-
basin heat flux gradient is only a function of the basin
width; only the shape of the slightly rising basin floor (a
total height difference of 10 m in all simulations) was
allowed to vary (Fig. 2). All simulations discussed in
sections 4a—c were run with no initial background winds.
Additional simulations with background winds are dis-
cussed in section 4d.

a. General evolution of the basin atmosphere

The atmosphere in the small basins heats faster than
does that in the large basins (Fig. 10a). Temperature
differences are highest between ~+3.0 and +5.0 h (see,
e.g., +4.0 hin Fig. 10a). After the basin atmosphere has
been completely mixed with the atmosphere aloft, basin
temperatures are again similar except for the two largest
basins of 5- and 10-km width. Faster heating of the
smaller basins implies earlier neutral stratification and
coupling to the atmosphere aloft, which is relevant for
the impact of background winds on the thermal circu-
lation (section 4d) and which also affects the relative
importance of pure CBFs in the stable atmosphere
versus turbulent motions in the neutral atmosphere. The
atmosphere in the 250-m-wide basin becomes neutral
above a shallow superadiabatic surface layer at +4.0 h.
In the 5- and 10-km-wide basins a neutral basin atmo-
sphere is reached about 1-1.5 h later.

Three-dimensional wind components at +3.0 h (Fig. 11)
indicate that the atmosphere in the 5- and 10-km basins
develops differently from that in the smaller basins. Away
from the slopes, a cellular structure is present, similar
to convection over the plain. The nearly circular ar-
rangement of the convection cells lasts until approxi-
mately +3.5 h and is the result of a superposition of the
convective cells and weak waves, which originate prob-
ably from artificial horizontal pressure gradients near
the steep slopes during the first simulation hour. Their
existence, however, does not influence the result that
convection dominates inside the large basins instead of
the cross-basin circulation. A comparison of the wind
components at +3.0 h for basin widths of 0.25,0.5, 1, and
2 km shows that there is little difference among the
simulations. In all four simulations a maximum west-
erly wind component of similar strength is located around
100 m near the west sidewall. The relative area of westerly
winds at the 60-m level, however, increases with in-
creasing basin width, suggesting a less deep CBF. Sub-
sidence is generally stronger in the smaller basins because
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FI1G. 10. Vertical profiles of (a) potential temperature at +2.0, +4.0, and +6.0 h and (b) the east-west wind com-
ponent at +3.0 h in the center of the basin for different basin widths.

of the smaller area that is available to compensate the
upslope-flow mass flux, which is in agreement with stron-
ger heating.

b. Thermal CBF forcing

Because the slope angles of the basin sidewalls are
kept constant, differences in the surface heat flux, which
is a function of slope angle and orientation, are negli-
gible. Small variations occur as a result of the discrete
grid points whose locations along the basin topography
vary slightly. For instance, the grid points gp-esl and gp-
wsl, which were used to calculate the east—west gradients
in Fig. 12, were chosen to lie exactly on an east-west line
and at an approximate height of 35 m (Fig. 2). The exact
height of the individual grid points is 28.7 m (250-m
basin), 35.4 m (500 m), 35.1 m (1 km), 34.9 m (2 km),
34.8 m (5 km), and 34.7 m (10 km). The largest differ-
ence in surface heat flux among the simulations with
different basin widths occurs at gp-esl at +6.0 h, where
the heat flux in the 250-m basin is ~0.1 K m s~ ! higher
than in the other basins.

The CBF in the center of the 500-m-wide basin de-
velops after 1.5-2.0 h (Fig. 8). At this time, AH/Ax is
between —0.02 X 10~ and —0.05 X 10~* K m s~ ' (Fig.
12a). Maximum |AH/Ax| at the end of the simulation
period for the 5- and 10-km basins is only slightly
higher or even below these values, with —0.027 and

—0.014 K m s ', respectively. This may explain why
no or only a weak CBF is produced in these basins. The
differences in AH/Ax among the simulations are, of
course, mostly reflected in A7/Ax and Ap/Ax (Figs.
12b,c). Of interest is that [AT/Ax| in the 250-m basin
shows strong variations throughout the simulation and
after an initially strong increase |[A7/Ax| is of a similar
magnitude and sometimes is even weaker than |A7/Ax|
in the 500-m basin. The magnitude of the pressure gra-
dient is correspondingly weak. Horizontal warm-air
advection on the east sidewall seems to reduce the cross-
basin temperature difference initially. After +4.0 hitis
vertical warm-air advection at gp-esl that keeps the
horizontal temperature gradient low.

c¢. CBF and RF characteristics

Regardless of basin width, an easterly CBF forms in
the center of the basin after the onset of heating at
+1.0 h (Fig. 13a). Although none of the entries for the
10-km basin in Table 2 is defined (i.e., no CBF is present
at the surface), a CBF does occur between +1.5 and
+2.0 h at gp-ctr. CBF wind speeds in the 5- and 10-km
basins, however, are very weak, with surface winds of
0.01 m s~ (10 km) and 0.02 m s~ ' (5 km) at +2.0 h as
compared with 0.06-0.18 m s™! in the smaller basins,
which agrees with the relatively weak east-west gradi-
ents shown in Fig. 12. After +2.0-3.0 h, surface winds
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FI1G. 11. Horizontal cross sections of (left) u, (center) v, and (right) w wind components at 10, 30, 60, 100, and
140 m for (top to bottom) 250- and 500-m and 1-, 2-, 5-, and 10-km basins. Note the different scales for the w
wind component for different basin widths.
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FIG. 12. As in Fig. 9, but for different basin widths and 0 m s~ ' background wind.

become strongly varying in the 5-km basin and mainly
westerly in the 10-km basin, whereas a mostly persistent
CBF is present in the smaller basins. This suggests that in
the stable atmosphere a weak CBF can form even in
basins or valleys on the order of 10 km as a result of
a weak pressure gradient. In a less stable atmosphere
with increasing turbulence, however, a stronger pressure
gradient is necessary to maintain the CBF. Reduced
|AT/Ax| and |Ap/Ax| in the 250-m basin are also reflected
in u, with a weaker CBF after ~4.0 h when compared
with the larger basins.

The CBF onset time (see definition in section 3b) in-
creases with increasing basin width, occurring between
~(0.5 h (250-m basin) and =~1.3 h (5 km) after the onset
of heating for basin widths of up to 5 km (not shown).
Comparing these onset times with AH/Ax, AT/Ax, and
Ap/Ax, however, does not indicate a certain threshold
value above which a CBF forms. There is an indication
that for the larger basins the onset of a CBF occurs al-
ready at lower absolute heat flux and temperature gra-
dients, with the exception of the 250-m basin. Because
the start time is defined as the time at which the easterly
surface wind component becomes 0.1 m s~ ' or larger
and all simulations show an easterly component at gp-ctr
at +1.5 h (not shown), this delay in wind speed increase

may indicate the effect of cumulative forcing, that is,
that the CBF speed is determined by the integrated
cross-basin forcing over time rather than the current
gradients.

The initial CBF layer is deeper the wider the basin is;
for example, at +1.5 h the CBF depth at gp-ctris 17.2 m
in the 250-m basin, 40.4 m in the 1-km basin, and
164.4 min the 5-km basin. Whereas the CBF layer in the
smallest basins (250 and 500 m) shows a tendency to
grow during the early part of the simulation, it stays
approximately constant in the midsized basins (1 and
2 km), and decreases in the widest basins (5 and 10 km).
The rate of growth or decrease of the CBF layer varies
throughout the basin and the simulation period. At
+3.0 h, CBF and RF are similar in strength and depth in
all basin widths of 2 km or smaller, however: see, for
example, u profiles at gp-ctr in Fig. 10b and Table 2. At
this time the CBF has reached a depth of ~50 m and is
topped by an approximately 100-m-deep RF. Above the
RF, u changes sign again to an easterly component,
which is of a magnitude similar to the CBF in the smaller
basins and decreases with basin size (Fig. 10b). The
depth of this secondary easterly flow layer also decreases
with basin size and is =200 m in the 250-m basin. This
layer is not present in simulations with background
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FIG. 13. Time series of surface u-wind component in the center of the basin for different basin
widths and (a) 0 m s ! and (b) 1 and 5 m s~ ! easterly background winds.

winds, in which the wind returns to the background-wind
direction and speed above the RF.

The time of RF onset also increases with increasing
basin width from +1.5 h (250 m), over +2.0 h (0.5-
2 km), to +3.0 h (5 km) at gp-ctr. In the 10-km basin, an
RF does not develop at gp-ctr. Maximum RF speeds
strengthen during the stable period and are also mostly
homogeneous throughout the basin for basin widths of
2 km or smaller. RF wind speeds are less horizontally
homogenous (and are often not defined) in the 5- and 10-
km basins because of the stronger impact of smaller-
than-basin-scale convective cells.

d. Background wind

Additional simulations with 250-m, 1-km, and 2-km
basins were run with easterly background winds of 1, 3,
and 5 m s~ ! (Fig. 1). In the stable basin atmosphere the
effect of the background wind on the wind profile in the
center of the basin is mostly independent of the basin
width (Fig. 14a). In the upper part of the basin, where
the background wind forms a vortex, the background-
wind speed has a stronger impact on the wind profile
than does the basin width. A dependence on the basin
width, however, occurs around +3.0 h (Fig. 14b). Be-
cause the atmosphere mixes faster in the smaller basins
and the stability is thus closer to neutral, background

winds penetrate farther into the basin, particularly for
high background-wind speeds of 3 and 5 m s~ '. The RF
layer is thus thinner the smaller the basin is.

The surface CBF in the stable atmosphere is affected
little by the background winds, regardless of basin width
(Fig. 13b). Strong background winds of 5 m s™' that
penetrate the basin atmosphere under neutral condi-
tions produce higher surface wind speeds at the basin
floor in the wider basins, however (e.g., ~3 m s~ ' in the
1-km basin and 1-2 m s~ ' in the 250-m basin).

5. Discussion and conclusions

Idealized simulations of cross-basin winds were per-
formed using the WRF. The idealized, axisymmetric
basin topography was based on the topography of Ari-
zona’s Meteor Crater, where cross-basin winds have
been observed under quiescent conditions (Lehner et al.
2011). A heat flux that varied with slope inclination and
orientation was prescribed at the surface to produce
a temperature gradient across the model basin. The di-
rection of the resulting heat flux gradient was constant
throughout the simulation period. Simulations were run
with varying basin-floor diameters, ranging from 250 m
to 10 km, and with varying background-wind speeds
(0-5 m s~ ') and directions (parallel, perpendicular, and
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TABLE 2. As in Table 1, but for different basin widths and
0 m s~ ! background wind. The 0.5-km simulation is identical to the
0 m s~ ! simulation in Table 1 but is repeated here for comparison.

Basin width (km)

Time (h) 0.25 0.5 1 2 5 10
CBF surface speed (m s~ ')

+1 — — — — — —

+3 0.34 0.4 0.23 0.37 030 —

+5 0.20 1.18 0.84 0.94 0.88 —
CBF depth (m)

+1 — — — — — —

+3 58 42 41 41 73 —

+5 660 58 75 42 74 —
CBF max (m s~ ')

+1 — — — — — —

+3 0.37 0.4 0.23 0.37 056 —

+5 0.20 1.118 0.84 0.94 088 —
Height of CBF max (m)

+1 — — — — — —

+3 18 6 5 5 41 —

+5 7 6 5 5 5 —
RF depth (m)

+1 — — — — — —

+3 65 82 82 110 22 —

+5 — 126 142 112 142 —
RF max (m s 1)

+1 — — — — — —

+3 0.36 0.38 0.34 0.25 021 —

+5 — 0.21 0.46 0.37 036 —
Height of RF max (m)

+1 — — — — — —

+3 116 114 114 113 113 —

+5 — 95 169 94 200 —

opposing the heat flux gradient) above the basin. An
overview of the regimes that describe the circulation
inside the basin depending on the above parameters is
given in Fig. 15.

A relatively persistent cross-basin flow develops only
in basins that are smaller than 5 km (from 250 m to
2 km). In the larger basins, the thermally driven hori-
zontal temperature and pressure gradients become very
small and the development of the basin atmosphere
strongly resembles that over the flat plane outside the
basin (referred to as convective regime in Fig. 15).
Convective cells dominate as the air near the surface is
heated. In real-world valleys and basins the temperature
gradient across the valley or basin depends on many
factors besides the distance between the two opposing
sidewalls, including the sidewall slope angles and ori-
entations, shading by surrounding topography, the po-
sition of the sun, and surface conditions that determine
the local energy budget. The order of magnitude of the
changes in the temperature gradient due to changes in
the local temperature on two opposing sidewalls, how-
ever, can be expected to be small relative to the order of
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magnitude of the changes due to varying valley and
basin widths, which can range from several hundred me-
ters to several kilometers. Thus, we conclude that our
results are representative for many real valleys and basins.

The forcing for the CBF—that is, horizontal temper-
ature and pressure gradients—generally increases with
decreasing basin width. An exception is the 250-m basin,
which shows reduced temperature and pressure gradi-
ents. The reduced forcing is also reflected in the CBF,
which is comparatively weak, so that the strongest CBFs
occur in the 500-m-wide basin. The reduced horizontal
gradients are a result of warm-air advection across the
basin and from the basin floor up the east sidewall. The
implication is that in very narrow valleys the CBF is not
necessarily stronger than in 0.5-1-km basins. Other ef-
fects, such as increased shadowing in smaller basins and
valleys, need also to be taken into account, however.

Within the range of basin widths for which a CBF is
possible, the actual occurrence of a CBF depends
strongly on the stratification of the basin atmosphere,
that is, whether it is stable and decoupled from the at-
mosphere aloft or neutral and coupled to the atmo-
sphere aloft. Diurnal heating and destabilization of the
basin atmosphere can thus lead to a regime change with
respect to the occurrence of a CBF. A pure CBF with
a return flow aloft occurs mainly under stable condi-
tions; therefore, we call this area in Fig. 15 the CBF re-
gime. The general circulation pattern in the CBF regime
depends strongly on the direction of the background
wind above the basin. The thermal forcing produces
a closed circulation cell with a CBF toward the warmer
sidewall near the basin floor and an RF in the opposite
direction aloft. In a similar way, the background wind
induces a circulation cell in the upper part of the basin,
with a return flow opposing the background wind. The
combination of the two vortices thus determines the
circulation pattern inside the basin:

1) If the background wind points in the same direction
as the temperature gradient (Aa = 0°), two counter-
rotating cells form, strengthening the thermal RF.

2) If the background wind points in the opposite di-
rection from the temperature gradient (Aa = 180°),
one basin-sized cell forms; that is, the thermal RF
makes a smooth transition into the background wind.

3) If the background wind is perpendicular to the
temperature gradient (Aa = 90°), again two cells
form, but with perpendicular rotation axes, resulting
in a combined RF in the direction between the
background-wind direction and the direction of the
temperature gradient.

These results agree also with the findings from simu-
lations in street canyons. Sini et al. (1996) and Xie et al.
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FIG. 14. Vertical profiles of the east-west wind component in the center of the basin at (a) +2.0 and (b) +3.0 h for
different basin widths and 1 and 5 m s~ easterly background winds.

(2005) found that for a flow perpendicular to the street
canyon the resulting vortex in the canyon is enhanced if
the leeward wall is heated and that two counterrotating
vortices form if the windward wall is heated. The com-
bination of a thermally induced and a background-wind-
induced circulation in a street canyon is thus comparable
to the circulation in larger mountain valleys or basins.
The deeper topography of our model basins relative to
a typical street canyon, however, seems to produce
a strong spatial confinement of the background-wind-
induced circulation cell to the top of the basin, partic-
ularly under stable conditions. The thermally driven
circulation near the surface remains thus mostly shel-
tered from the background winds aloft so that the
background-wind-induced circulation modifies the
thermal circulation and not vice versa.

The current study is restricted to circular basin to-
pographies. This means that the obstacle (i.e., the basin
and its rim) is always aligned in the along-flow direction
of the background wind, independent of the wind di-
rection. The air is thus forced either above or around the
obstacle. In a valley, however, background winds can be
in the along-valley direction, leading to a channeling of
the winds by the valley, which most likely leads to a dif-
ferent interaction with the thermal circulation. This re-
striction, however, is only relevant for the case Aa = 90°
because of the orientation of the cross-valley circulation.

The direction of the CBF near the basin floor remains
unaffected by the background wind under stable con-
ditions. The strength of the background wind influences
the strength and the depth of the CBF and the RF,
however. It also influences the circulation pattern in-
directly, as stronger background winds lead to slightly
stronger mixing and an earlier coupling of the basin to
the atmosphere aloft and, thus, to a transition to a dif-
ferent regime.

In the neutral basin atmosphere the background wind
plays a more dominant role (background-wind regime).
The background wind penetrates down into the basin,
reaching the basin floor in the greater part of the basin.
Near the upwind sidewall, however, a shallow thermal
circulation is maintained along part of the floor and the
sidewall. The size of the eddy that is formed by the
thermal circulation in the lower upwind part of the basin
depends on the local heat flux and the strength of the
background wind. For strong background winds and
alow local heat flux, the thermal circulation is very weak
(small eddy) or is even nonexistent. It seems also likely
that the basin depth has an impact on the penetration of
the background wind and whether it reaches the basin
floor. A systematic investigation of the influence of the
basin depth on the cross-basin circulation was not,
however, part of this study. Also, we did not investigate
the effect of atmospheric stratification on the interaction
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FIG. 15. Summary of the model results.

between the background wind and the thermally driven
cross-basin circulation systematically. Inhomogeneities
in the vertical temperature profile, such as elevated in-
version layers, may induce additional cross-basin flows
(e.g., Vergeiner and Dreiseitl 1987; Lehner and Gohm
2010) or may prevent the neutral basin atmosphere from
coupling to the atmosphere aloft.

Lehner et al. (2011) found that thermal cross-basin
winds in the Meteor Crater are disturbed if the back-
ground wind above the crater is too strong. They sug-
gested that background winds form a basin-sized eddy
when background winds exceeded a threshold of 4 m s~ .
They also tested 3 and 5 m s~ ', with little difference in
the results. In our simulations, background winds produce
a vortex under stable conditions, which, however, does
not affect the surface CBF. Under neutral conditions, on
the other hand, background winds strongly influence the
surface CBF, but they are simply mixed down into the
basin and do not form an eddy. The wind thresholds
agree qualitatively with our simulations under neutral
conditions for the 500-m basin, which is comparable in size
to the Meteor Crater. For westerly background winds,
the thermal circulation near the surface prevailed in the
greater part of the basin for 1 m s~ and, in the west half,
for 2ms™' background winds, but background winds
determined the surface wind field for higher wind speeds.
We have to consider, however, that this result depends
also on the direction of the background wind and the local

heat flux (Fig. 15) and that CBF direction in the Meteor
Crater varies continuously throughout the day.
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