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Abstract The nearly circular Meteor Crater, Arizona, is located on an exten-
sive, slightly sloping plain, above which a southwesterly katabatic flow forms
during undisturbed, clear-sky nights. As the katabatic wind flows over the up-
stream crater rim, the resulting flow regime in the lee depends on the upstream
wind speed. For a shallow katabatic flow with comparatively low wind speeds,
the flow decelerates as it approaches the crater. Cold-air intrusions form, that
is, cold air spills over the crater rim and runs down the inner southwest side-
wall. For a deep katabatic flow with comparatively high wind speeds, the flow
accelerates towards the crater. The flow separates in the immediate lee of the
crater rim, forming a wake over the southwest crater sidewall. The wake can
either be small, affecting only the upper part of the sidewall, or large, affecting
the entire crater sidewall or even the crater floor.

When flow separation occurs, the wake region over the crater sidewall is
characterized by low wind speeds and potentially a return circulation near
the surface. Particularly for large wakes, stability in the crater atmosphere is
reduced and relatively high wind speeds can occur at the crater floor, which
is otherwise submerged in a strong surface-based inversion. Turbulent kinetic
energy at the crater sidewall is typically higher during cold-air intrusions than
during flow separation, but high values can occur at the floor when a large
wake forms.

Keywords Bluff-body flow separation - Flow over topography - Lee vortex -
METCRAX IT - Wake
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1 Introduction

As air flow interacts with topography, that is, as air is either forced to flow over
mountains or depressions or to flow around them, the resulting flow regimes
and processes depend strongly on flow characteristics (i.e., stability and speed)
and on topographic characteristics (e.g., mountain height and width, lateral
extension, slope angle, and surface roughness) (e.g., Vosper 2004; Jackson et al.
2012; Lehner et al. 2016a; Rotunno and Lehner 2016). As air flows around
obstacles, vertical-axis vortices can form in the lee (e.g. Smolarkiewicz and
Rotunno 1989; Katurji et al. 2013). The resulting wake region in the lee is
typically characterized by reduced mean wind speeds and high turbulence
(Katurji et al. 2013). Lee vortices with a horizontal axis, on the other hand,
can form as air flows over obstacles and separates from the surface in the lee,
resulting, for example, in turbulent rotors (e.g. Doyle and Durran 2007) or
recirculation zones in the immediate lee of the mountain (e.g., Gerber et al.
2017; Menke et al. 2018).

Boundary-layer or flow separation in the lee of obstacles can occur due
to the presence of an adverse pressure gradient that causes a deceleration of
the flow, particularly in the near-surface layer (e.g., Wood 1995; Belcher and
Hunt 1998; Ambaum and Marshall 2005). Baines (1995) defines three differ-
ent boundary-layer-separation regimes based on laboratory experiments: (i)
boundary-layer separation at the mountain crest (i.e., bluff-body flow separa-
tion), (ii) flow separation farther down the lee sidewall below the first wave
crest, which he calls post-wave separation, and (iii) complete attachment, that
is, no separation occurs. The three flow types are characterized by their lo-
cation in a regime diagram as a function of H/W and NH/U, where H is
the mountain height, W is the length of the lee slope, N is the buoyancy fre-
quency, and U is the upstream wind speed. The formation of bluff-body flow
separation depends on the ratio between the wavelength of the internal waves
2rU/N and W so that boundary-layer separation can occur if NW/U < .
Post-wave separation, on the other hand, can occur when NH/U is above a
critical threshold value.

Ambaum and Marshall (2005) derived a vorticity equation to describe ac-
celerations and decelerations for flow over a hill. They assumed that flow-
separation will occur if the decrease in flow speed is large enough, that is, of
the same order of magnitude as the unperturbed base-state velocity. For small
aspect ratios (i.e., small hills) linear solutions to their equation reproduced the
regime diagram by Baines (1995). According to their solutions, the location of
flow deceleration and thus flow-separation depends on the flow solution, that
is, whether the solution is evanescent or wave-like. For evanescent solutions,
deceleration occurs along the lee slope of the hill and flow separation in the im-
mediate lee of the hill is thus possible if flow deceleration is large enough. For
wave-like solutions, deceleration starts farther downstream over the lee slope
of the hill. If flow separation occurs, it will thus be in the form of post-wave
separation.
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Post-wave separation is closely related to rotor formation in the lee of
mountains. Rotors form when the boundary layer separates from the surface
because of adverse horizontal pressure gradients that occur in connection with
trapped lee waves (Doyle and Durran 2002, 2007; Vosper 2004). Vertical wind
shear close to the surface produces a thin layer of positive vorticity, which is
lifted into the wave. Hertenstein and Kuettner (2005) identified a second type
of rotor based on numerical simulations, which is reminiscent of a hydraulic
jump and which results from negative vorticity being produced by the baro-
clinicity in connection with the deformation of an inversion layer. The two
types of rotors were also observed experimentally in the lee of the Medicine
Bow Mountains, Wyoming, by French et al. (2015).

Idealized simulations with a two-layer atmosphere by Vosper (2004) showed
that if the Froude number F' = U/\/¢"z; is within a certain range that allows
the formation of trapped lee waves and if H/z; > 0.3 the wave amplitude
becomes large enough to cause rotor formation, where z; is the depth of the
lower layer and ¢’ = gAf0/6y is the reduced acceleration of gravity, with g
the acceleration of gravity, Af the potential temperature difference across the
inversion separating the lower from the upper layer and 6y the reference po-
tential temperature in the lower layer. Doyle and Durran (2002) defined a
non-dimensional pressure gradient threshold criterion for post-wave flow sepa-
ration based on idealized simulations. Applying this criterion to observations in
the lee of the Medicine Bow Mountains, Wyoming, Strauss et al. (2016) found,
however, that flow separation can occur for even smaller pressure gradients.
They suggest that in addition to pressure-gradient forces, buoyancy forces may
contribute to flow deceleration and thus boundary-layer separation.

Bluff-body flow separation in the lee of obstacles has been shown in wa-
ter tank studies (e.g., Baines and Hoinka 1985) and occasional observations
in the atmosphere have been reported, for example, in the lee of the Sierra
Nevada by Grubisi¢ and Doyle (2006). Lidar observations by Gerber et al.
(2017) showed recirculation in the lee of the Sattelhorn Ridge in the Dischma
Valley, Switzerland, which persisted for more than 16 h with a horizontal
extent of 400-1000 m and a vertical extent of up to about 200 m. Indirect
observations of flow separation have also been reported. Strauss et al. (2015)
observed high turbulence values in the immediate lee of the Medicine Bow
Mountains suggesting the presence of bluff-body flow separation. A visualiza-
tion of horizontal-axis lee vortices occurs when clouds form. Vortices in the
immediate lee of mountain peaks have been identified as the most likely for-
mation mechanism for so-called banner clouds (Wirth et al. 2012; Voigt and
Wirth 2013).

As indicated by Baines (1995), the occurrence of bluff-body flow separation
in the lee of an obstacle depends on the speed of the approaching flow and on
the stability. Mason (1987) observed flow separation or decoupling in a small,
approximately 200-m deep valley under neutral and unstable conditions, while
the flow remained attached under stable conditions with a Froude number
smaller than 2, and was able to reproduce that result with numerical simula-
tions. Similar results were found by Holden et al. (2000) based on tethersonde
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measurements, who also related the decoupling of the flow to the Richardson
number, with decoupling occurring at relatively high Richardson numbers. Ide-
alized simulations of flow over small basins by Lehner et al. (2016a) produced
flow separation over the upstream basin edge in their highest-wind speed sim-
ulations (15 m s~!) with the deepest basins (100 and 150 m). Menke et al.
(2018) probed a recirculation zone in the lee of two parallel mountain ridges
in central Portugal at three different cross sections with six scanning Doppler
lidars and found that reversed flow greater than 0.5 m s~! occured 50% of the
time and that the occurrence of the recirculation zone depended on stability
(specifically, most frequent occurrence for near-neutral and unstable condi-
tions), on wind speed (most frequent occurrence for wind speeds larger than
8 m s~1), and on the topography, that is, they observed variations among the
three different cross sections.

Flow separation also strongly depends on the topography, for example, the
sharpness of the mountain top, with separation being more likely in the pres-
ence of salient edges (Batchelor 1967; Kim et al. 2001). Flow separation and
the formation of a recirculation zone in the lee is also facilitated by steeper
slopes (Arya et al. 1987; Kim et al. 2001; Wood 1995) and by denser canopies,
that is, higher surface roughness (Wood 1995; Poggi and Katul 2007; Patton
and Katul 2009). Wood (1995), for example, estimated the critical slope an-
gle for flow separation based on idealized simulations, finding a lower critical
slope angle for higher surface roughness. They also showed that for 2D cases,
the separation point moves upstream with increasing hill height and that the
recirculation eddy size increases.

In this paper we present nighttime observations of bluff-body flow separa-
tion at the rim of Arizona’s Meteor Crater during comparatively high-wind-
speed periods. The wake that forms over the southwest crater sidewall is char-
acterized by low wind speeds and sometimes a return flow near the surface,
that is, an upslope flow component. Section 2 describes the Meteor Crater and
the dataset used in this study. Evidence for flow separation in the lee of the
crater rim is presented in Sect. 3. The atmospheric conditions leading to flow
separation and the characteristics of the flow in the resulting wake region are
described in Sect. 4 and Sect. 5, respectively. Finally, a brief summary and
conclusions are given in Sect. 6.

2 Data and Methods
2.1 The Meteor Crater

The Meteor Crater in northern Arizona (35°N, 111°W) is a nearly circu-
lar, bowl-shaped basin that was produced by a meteorite impact 49000 yr
ago (Fig. 1). It is about 1.2 km in diameter, 170 m in depth, and is sur-
rounded by a rim that extends 30-50 m above the surrounding plain, which
rises slightly to the southwest with a slope angle of about 1°. Two major field
campaigns, METCRAX (Meteor Crater Experiment; Whiteman et al. 2008)
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Fig. 1 Topography of the Meteor Crater with the location of the measurement sites used
in this study. Elevation contour lines are at 10-m intervals.

and METCRAX II (Lehner et al. 2016b), took place at the Meteor Crater to
study various aspects of the crater meteorology. The focus of METCRAX II in
October 2013 was on the flow past the crater basin. During clear-sky, quiescent
nights a surface-based inversion and a southwesterly katabatic flow form over
the plain surrounding the Meteor Crater, with a typical inversion depth and
strength of about 50 m and 0.15 K m™!, respectively, and a jet maximum of
5m s~! at 30 m above ground level (AGL; Whiteman et al. 2018a). Once the
depth of the inversion exceeds the height of the crater rim, the cold air starts
to drain into the crater over the upwind, southwest rim until the air reaches
its level of neutral buoyancy (Whiteman et al. 2018a). This inflow of cold air
modifies the nocturnal stratification within the crater, resulting in a shallow
and strong surface-based inversion above the crater floor, which is topped by
a deep near-isothermal layer and a capping inversion near the top of the crater
(Whiteman et al. 2010; Haiden et al. 2011). With a deepening of the katabatic
flow upstream and an increase in wind speed, the flow over the crater topog-
raphy can also lead to the formation of a wave over the basin, which can reach
amplitudes exceeding the crater depth (Adler et al. 2012; Whiteman et al.
2018b).

2.2 Data

The data used in this study come from the METCRAX II experiment. A de-
tailed description of the METCRAX II field campaign, the measurement sites,
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and the instrumentation can be found in Lehner et al. (2016b). The measure-
ment sites used in this study are shown in Fig. 1. The data come from two
lines of hobo temperature data-loggers (Onset Computer, Inc., Bourne, Mas-
sachusetts), which ran up the northeast and south-southwest crater sidewalls
(labeled HNE and HSSW in Fig. 1), with eleven and twelve sensors, respec-
tively. Instantaneous temperature values were recorded every 2.5 min. A 40-m
high tower was installed at the crater rim (RIM), which was instrumented with
CSATS3 sonic anemometers and hygrothermometers at 5 m intervals. A simi-
larly instrumented 50-m high tower was installed about 1.6 km upstream, that
is, southwest, of the Meteor Crater (NEAR), with the lowest measurement level
at 3 m instead of 5 m to be used as part of a full energy-balance station. Addi-
tional sonic anemometers were installed at two sites along the south-southwest
crater sidewall, 40 (SSW2) and 90 m (SSW4) above the crater floor, and at
the crater floor itself (FLR). Wind data from the sonic anemometers were tilt
corrected (Wilczak et al. 2001) and turbulence statistics were calculated for
5-min averaging intervals from the 20-Hz measurements. Further data come
from a network of microbarometers in the crater, specifically at FLR, SSW2,
SSW4, a site located in-between SSW2 and SSW4 (SSW3, 70 m above the
crater floor), and a site downslope from SSW2 (SSW1, 10 m above the crater
floor). Pressure was sampled with a frequency of 1 Hz and averaged over
5-min intervals for the analysis. Pressure measurements from the southwest
sidewall are analyzed with respect to data from a microbarometer on the rela-
tively undisturbed northeast sidewall (NNE, 50 m above the crater floor). Sites
SSW1, SSW3, and NNE are not labeled in Fig. 1. Turbulence measurements
in the immediate lee of the southwest crater rim were made with a surface
layer scintillometer (SLS20, Scintec).

Data are analyzed for the period 4-29 October, when all of these instru-
ments were operational. The analysis is restricted to nighttime periods be-
tween 1800 and 0600 MST and to periods when (i) an inversion was observed
at NEAR between the top and the bottom levels of the tower (Tsgm —T3m > 0)
and (ii) the wind direction at 50 m AGL at NEAR was from a southwesterly
direction (165-255°) to indicate a katabatic flow. These criteria had to be met
for at least one continuous hour based on 5-min averaged data values for the
data to be included in the analysis.

3 Flow Separation in the Meteor Crater

An analysis of the cold-air intrusions coming over the southwest crater rim
during Intensive Observational Period (IOP) 7 (26-27 October) showed tem-
poral increases in wind speed along the southwest sidewall in connection with
changes in the level of neutral buoyancy of the cold air coming over the crater
rim (Whiteman et al. 2018a). Specifically, SSW2 in the lower part of the side-
wall (see Fig. 1) is located close to the top of the shallow (3040 m) and strong
(5-10 K potential temperature change) surface-based inversion, with low wind
speeds close to 0 m s~ when unaffected by the intrusions. When the level of
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Fig. 2 Wind speed at (a) SSW4 and (b) SSW2 as a function of the mean wind speed at
RIM. See text for a description of the five different colour-coded categories.

neutral buoyancy of the cold air running down the crater sidewall descends
below SSW2, an increase in wind speed to about 3-5 m s~! is observed.

Plotting the wind speed along the southwest sidewall at SSW4 and SSW2
against the wind speed averaged over the 40-m deep layer sampled at the
crater rim for the entire month, however, reveals the presence of two different
flow regimes (Fig. 2). In the first or intrusion regime with relatively low wind
speeds at RIM of less than about 5 m s~!, wind speeds along the sidewall
have a similar magnitude as the wind speed at the rim. SSW2 also shows a
close-to-linear increase in wind speed with increasing speed at RIM. In the
second or separation regime with higher wind speeds at RIM of about 5 m s~*
or more, weak wind speeds, generally less than 2 m s~! are observed along the
sidewall and increasing the wind speed at the RIM to 10 m s~! and more does
not lead to further increases in wind speed along the sidewall. This suggests
the formation of a wake over the sidewall as a result of flow separation in the
lee of the crater rim. For wind speeds greater than about 7 m s~ at the rim,
only the flow-separation regime seems to occur. For wind speeds lower than
about 7 m s~!, however, either low or high wind speeds can be observed along
the sidewall. For very low wind speeds it is of course difficult to distinguish
between the two regimes based on the wind speed along the southwest sidewall,
because even for the intrusion regime only low wind speeds would be expected
to occur. Results similar to Fig. 2 are obtained if the mean wind speed at RIM
is replaced with the maximum wind speed over the eight vertical levels, or
with the values at the bottom and top of the 40-m tower. The five categories
indicated by different colours in Fig. 2 and in the background of Fig. 3 will be
discussed in Sect. 4.

Figures 3a—c show an example of a cold-air-intrusion dominated night (26—
27 October; IOP 7), the same night that was analyzed by Whiteman et al.
(2018a). Wind speeds at SSW4 are of a similar magnitude as wind speeds at
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5 m AGL at RIM and the wind direction is from the southwest, indicating a
flow down the slope (Figs. 3a, b). Wind speeds, and to a lesser degree wind
directions, are more variable at SSW2, showing strong increases and decreases
in wind speed, which indicate whether the cold-air intrusion penetrates below
SSW2 or whether it reaches its level of neutral buoyancy already above SSW2
(Whiteman et al. 2018a). A strong inversion is present in the lowest layer of
the crater atmosphere, with the potential temperature near the crater floor
5-10°C lower than at the crater rim and in the upper part of the northeast
sidewall (Fig. 3c). Whiteman et al. (2018a) have shown that the temperature
measurements along the northeast sidewall are representative of the vertical
temperature structure in the quiescent nocturnal crater atmosphere when dis-
turbances are restricted to a shallow cold-air intrusion layer over the southwest
sidewall. Wind speeds at the crater floor at the bottom of the inversion are
weak and wind direction is correspondingly variable.

During the night of 16-17 October (IOP 3; Figs. 3d—f), flow separation
occurred over the southwest sidewall. Wind speeds at SSW4 are compara-
tively low, typically below 2 m s~!, and generally decrease at the same time
as wind speeds increase at RIM and vice-versa (Fig. 3d). For example, around
0030 MST, the wind speed increases at RIM and simultaneously decreases
at SSW4. Around 0200 MST, the opposite occurs and the two wind speeds
become almost identical for a short period of time, before the wind speed in-
creases again at RIM and drops to almost 0 m s~ at SSW4. This regime then
lasts for almost two hours until about 0400 MST. The wind direction during
this period of near-calm conditions turns mostly to a northeasterly upslope
direction, indicating a return circulation within the wake region (Fig. 3e). A
return circulation, however, does not form during all other flow-separation
periods, which could be related to the fact that there is constant forcing for
a thermally driven downslope flow opposing the return circulation. In con-
trast to SSW4, wind speeds at SSW2 are generally high during this night,
with winds from a southwesterly, downslope direction, suggesting that the
flow reattaches to the surface downstream of the wake. Near-calm winds at
FLR are again consistent with a decoupling of the lowest basin atmosphere,
although the stability is generally weaker during this night than during the
intrusion-dominated night of the 26-27 October (Fig. 3f). Particularly dur-
ing the two flow-separation periods around 0100 MST and between 0200 and
0400 MST, the potential temperature near the crater floor is only slightly
lower than in the upper part of the crater, indicating an almost mixed crater
atmosphere. During the short break around 0200 MST and after 0400 MST,
the temperature in the lower part of the crater drops, leading to the formation
of a new crater-floor inversion.

While the wake during the night of 16-17 October extends only to SSW4
but not to SSW2, where relatively high wind speeds are observed, larger wakes
can also form that extend farther down the southwest sidewall. An example
is shown in Figs. 3g—i for the night of 27-28 October. Wind speeds along the
southwest sidewall are generally weak, both at SSW4 and SSW2, while wind
speeds at RIM exceed 5 m s~! (Fig. 3g). Wind speeds at FLR are also higher
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colour-coded background is explained in Sect. 4.
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than over the sidewall and the wind direction is consistently from the northeast
(Fig. 3h), that is, opposing the southwesterly flow over the crater, suggesting
the formation of a large crater-sized eddy. This is consistent with a well-mixed
crater atmosphere, with a brief exception between 0100 and 0200 MST, when
a shallow, about 5 m deep layer cools above the crater floor (Fig. 3i). This
short period coincides with slightly reduced wind speed at RIM and near-calm
conditions at FLR (Fig. 3g).

4 Conditions for Flow Separation

Figure 2 showed that the wind speed within the wake region is generally less
than about 2 m s~!. We can thus use this information to identify wake occur-
rences objectively for further analysis. Because Fig. 2 also shows individual
wake events with slightly higher wind speeds than 2 m s~! when the wind
speed at the rim is very high, times with wind speeds exceeding 7 m s~! at
the rim are also classified as wakes independent of the wind speed at SSW2
and SSW4. Based on this classification scheme and on the information pro-
vided by the examples in Fig. 3, we define five different categories: (i) A large
wake or complete decoupling of the crater atmosphere similar to the night of
27-28 October (Figs. 3g-i) is defined when the wind speed at RIM is larger
than 7 m s~! or when the wind speeds at both SSW2 and SSW4 are below
2m s~ ! (WLG—large wake). (ii) A small wake that affects only the upper part
of the southwest sidewall similar to the night of 16-17 October (Figs. 3d—f) is
defined when the wind speed at rim is less than 7 m s~! and the wind speed at
SSW4 is below 2 m s™!, but the wind speed farther down the slope at SSW2
is larger than 2 m s=! (WSM-—small wake). (iii) A cold-air intrusion that does
not extend to SSW2 similar to the period shortly after 0300 MST during the
night of 2627 October (Figs. 3a—c) is defined when the wind speed is higher
than 2 m s~ at SSW4 but lower than 2 m s~ at SSW2 (ISH—shallow in-
trusion). (iv) A cold-air intrusion that reaches beyond SSW4 similar to, for
example, the period after about 0315 MST during the night of 26-27 October
(Figs. 3a—c) is defined when the wind speeds at both SSW2 and SSW4 exceed
2 m s~! (IDP—deep intrusion). (v) Finally, a quiescent category is defined for
those cases when the wind speeds at RIM and at both SSW4 and SSW2 are less
than 2 m s~ (Q—quiescent), which are not likely to be wake cases in spite
of the low wind speeds over the southwest sidewall. These five regimes are
color-coded throughout the remainder of this paper and added as background
colours in the time series of the three case studies, similar to Figs. 2 and 3.
The background colors in Fig. 3 thus indicate, for example, an approximately
2-h long small wake around 0300 MST on 16-17 October (Figs. 3d—f) and the
presence of a large wake during the entire night of 27-28 October (Figs. 3g—i).

The criterion for lee-side flow separation defined by Baines (1995) states
that the half-length of the obstacle in the lee has to be smaller than the half
wavelength of the internal waves excited by the obstacle, that is, NA;/U < ,
where Ay is the half-width of the obstacle. Using an approximate half-width
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Fig. 4 Pseudo-vertical potential temperature gradients across (a) the lower 25 m and (b)
the top 91 m as a function of N/U at RIM. Potential temperature gradients were calculated
from temperature sensors on the northeast sidewall and N and U were averaged over the
40-m tower. The criterion for flow separation by Baines (1995) is indicated by a vertical
grey line. Note the different ranges of the potential temperature gradient in two figures.

of 150 m for the Meteor Crater, the resulting N/U is 7/150 ~ 0.02 m~'.
Figure 4 shows scatter plots of the stability in the crater, that is, the vertical
potential temperature difference across fixed layers, as a function of N/U at
RIM, where N and U have been averaged over the 40-m high tower. Potential
temperature gradients in the crater are pseudo-vertical gradients, that is, they
were calculated from the near-surface temperature measurements along the
northeast sidewall. The data show a regime transition around 0.015 m~!, with
flow separation occurring for N/U <0.015 m ~!, that is, slightly below the
criterion defined by Baines (1995). It has to be kept in mind, however, that N
and u vary with height and that the mean values are thus only approximations,
as is the estimate of A4. Small wakes, which affect only SSW4, occur at the
upper end of this range between about 0.007 and 0.015 m™!.

The criterion by Baines (1995) contains the stability upstream or at the
crater rim. Strauss et al. (2016), however, suggested that the stability in the
valley downstream may also facilitate or prevent flow separation. Although
their argument was made for post-wave separation and rotor formation, it is
also considered here for bluff-body separation. The nocturnal atmosphere in
the Meteor Crater is typically characterized by a strong and shallow inversion
at the crater floor, with a close to isothermal layer above (Whiteman et al.
2010, 2018b). The pseudo-vertical potential temperature gradients across the
lowest 25-m deep layer, that is, within the crater-floor inversion, and across
the top 91-m deep layer, that is, within the near-isothermal layer are shown
in Fig. 4. The potential temperature gradients were calculated from four hobo
temperature sensors on the northeast sidewall, which best represents ambient
conditions within the crater. As already seen for the three case studies pre-
sented in Fig. 3, the stability in the lower part of the crater is much higher
during intrusions than during flow separation. Particularly for large wakes, the
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crater atmosphere is close to neutral throughout its entire depth. This is likely
a result of increased wind speeds and thus mixing in the crater during this
flow regime. Small wakes, which only affect the upper part of the southwest
crater sidewall, are, however, not likely to lead to a mixing of the entire crater
themselves. Figure 4b shows that their occurrence is usually also accompanied
by lower stabilities compared to intrusions, also in the upper, near-isothermal
layer, which may thus facilitate flow separation.

Stiperski et al. (2018) analyze vertical profiles upwind of the crater at
NEAR and distinguish two different types of katabatic flows approaching the
crater. A shallow type with a jet maximum at 15-25 m AGL and a deeper
type with the jet maximum near the top of the 50-m tower. The latter is also
characterized by weaker directional wind shear with height and weaker near-
surface stratification. These differences in the katabatic flow profiles can have
different effects on the crater atmosphere. While nearly continuous cold-air
intrusions over the southwest rim into the crater basin occur during shallow
katabatic-flow periods (Whiteman et al. 2018a), large-amplitude waves can
form over the basin with increased flow speeds along the southwest sidewall
during deep katabatic flows (Adler et al. 2012; Whiteman et al. 2018b). Fig-
ure 5 shows wind and stability profiles at NEAR and RIM for the five different
flow categories. Both intrusion categories and also the quiescent conditions are
characterized by a distinct jet profile. The wind profiles show a jet maximum
of about 5 m s~! around 25 m AGL at NEAR and a stability maximum at
about 15 m AGL for both intrusion regimes. This agrees with the finding by
Whiteman et al. (2018a) that flow intrusions occur with a shallow katabatic
flow. The wind and stability profiles for the wake cases agree better with the
deep katabatic flow described by Stiperski et al. (2018), with a continuous
increase in wind speed throughout the height of the 50-m tower and compara-
tively lower stability. For the large wakes, the 90*" percentiles show that cases
with much higher wind speeds are possible. The conditions for flow separa-
tion thus match the conditions for the formation of deep waves and warm-air
intrusions over the crater described by Whiteman et al. (2018b).

The wind profiles in Fig. 5 show another distinct difference between flow
intrusion and flow-separation regimes. For flow intrusions and quiescent condi-
tions, near-surface wind speeds at NEAR and at RIM are very similar. Above
approximately 15 m AGL, however, the wind speed at RIM is lower than at
NEAR on average. This flow deceleration was already noticed in the case study
of Whiteman et al. (2018a). Figure 3a shows the wind speeds at the first levels
at NEAR and RIM for the night studied by Whiteman et al. (2018b), that is,
at 3 and 5 m AGL, respectively. Close to the surface, the wind speed remains
nearly constant between the upstream site and the crater rim, in agreement
with the mean profiles in Fig. 5. In contrast, a mean flow acceleration occurs
throughout the entire flow depth from NEAR to RIM during flow-separation
cases. This flow acceleration can also be seen in the two case studies with a
small and a large wake in Figs. 3d, g. In the latter, a flow acceleration of about
2-3 m s~! occurs near the surface throughout most of the night. During the
night of 16-17 October (Fig. 3d), flow separation is briefly interrupted around
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Fig. 5 Profiles of the (a—e) downslope wind component and (f-j) Brunt-Vaisala frequency
at NEAR (red) and RIM (black) for the five different flow regimes. Profiles are median values
and the shading indicates the 10" and 90*" percentiles. The downslope wind component
ugs was calculated in the direction of the main topographic gradient of the upstream plain,
that is, 215°.

0200 MST and then finally ends in the morning around 0430 MST. As men-
tioned before, these periods correspond to a decrease in wind speed at RIM,
which, however, is not reflected in the upstream near-surface wind at NEAR,
thus resulting in a reduced flow acceleration. Similarly, a brief drop in wind
speed at RIM and thus in the flow acceleration upstream occurred during the
night of 27-28 October (Fig. 3g) around 0100 MST together with a decrease
in wind speed at FLR and with the development of a basin-floor inversion.
As wind speeds remain low at both SSW2 and SSW4 during this time, flow
separation is still occurring but only a smaller wake forms.

To gain further insight into the flow acceleration or deceleration between
NEAR and RIM, the pressure gradient was examined between the two sites.
For the determination of the horizontal pressure difference, the pressure at
NEAR was extrapolated to the elevation of the pressure measurement at
RIM using the hydrostatic equation. The pressure difference between RIM
and NEAR is positive throughout the entire night of 26-27 October (Fig. 3c),
that is, the pressure gradient opposes the southwesterly katabatic flow, consis-
tent with the observed flow deceleration. During the nights of 16-17 October
(Fig. 3f) and 27-28 October (Fig. 3i), on the other hand, the pressure differ-
ence is generally closer to zero or even negative. Times with a positive pressure
difference match times with lower wind speeds at RIM and thus a break in flow



435

436

437

438

439

440

441

442

443

444

445

446

447

448

449

450

451

452

453

454

455

456

457

458

459

14 M. Lehner, C. D. Whiteman, S. W. Hoch, B. Adler, N. Kalthoff

0.6

e WLG e WSM e ISH e IDP e Q

0.4

0.2 4

-0.2 4

Ap RIM-NEAR (hPa)

0.4

-0.6 4

-0.8 T T —=

AU RIM-NEAR (ms™)

Fig. 6 Pressure difference between RIM and NEAR against mean-wind-speed difference
between RIM and NEAR.

separation. Figure 6 shows the upstream change in the layer-averaged wind
speed between NEAR and RIM together with the pressure difference between
the two sites for all individual 5-min intervals. Flow separation, particularly
large wakes affecting the entire southwest sidewall, occur mostly in the lower-
right quadrant, where Ap < 0 and AU > 0. This means that flow separation
occurs when the pressure decreases towards the rim and the flow accelerates
towards the rim. In contrast, flow intrusions occur generally with a flow de-
celeration. The pressure gradient, however, can point in either direction.

5 Conditions within the Wake Region

When flow separation occurs at the southwest crater rim, a wake forms over
the inner southwest sidewall, whose size depends on the flow conditions. The
wake is characterized by low wind speeds and sometimes a return circulation
near the surface, that is, an upslope flow component (see Sect. 3). In this sec-
tion, we will further analyze the conditions within the wake region, including
its turbulence characteristics, stability, and pressure. Time series of potential
temperature along the hobo line running up the SSW sidewall and time series
of pressure deviations at several sites along the southwest sidewall are shown in
Fig. 7 for the three case studies. The potential temperature time series from
the south-southwest crater sidewall are overall very similar to the potential
temperature time series from the northeast sidewall shown in Fig. 3, that is,
they also show the development of the nocturnal crater inversion, which is
disturbed during flow-separation events. In contrast to the northeast sidewall,
however, the potential temperatures at the crater rim (indicated by the dark
red lines in Fig. 7) are generally not the highest, but rather slightly lower than
the potential temperatures in the upper part of the crater atmosphere. This
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slightly superadiabatic pseudo-vertical profile along the south-southwest side-
wall has already been described by Whiteman et al. (2018a) for the intrusion
case of the 26-27 October (Fig. 7a), who hypothesized that it is caused by
turbulent mixing at the bottom of the shallow cold-air intrusion layer. During
the night of 16-17 October the superadiabatic layer is even more pronounced,
particularly during the first part of the night before the onset of flow sepa-
ration (Fig. 7c). During the first wake formation around 0100 MST, the su-
peradiabatic stratification is strongly reduced and the overall pseudo-vertical
temperature gradient becomes close to neutral. Interestingly, the crater-floor
temperature becomes even higher than the rim temperature when the crater
inversion is destroyed by the formation of the wake—that is, a superadiabatic
stratification develops in the lower part of the crater. This behaviour is par-
ticularly pronounced during the night of 27-28 October, when the crater-floor
temperature becomes as high as the rim temperature and about 3°C higher
than the temperatures along the SSW sidewall (Fig. 7e).

Median pseudo-vertical potential temperature profiles (Fig. 8a) along the
southwest crater sidewall show that the superadiabatic stratification is also
present on average during flow intrusions and during the formation of small
wakes, with the wake cases on average colder than the intrusion cases. For
completely quiescent cases, the temperature profile is close to the nocturnal
temperature profile observed in other small basins under undisturbed condi-
tions (Clements et al. 2003; Whiteman et al. 2004; Dorninger et al. 2011), with
a continuously stably stratified layer to the top of the crater basin. Large wakes
occur with strong winds at RIM, resulting in a well mixed crater atmosphere.

Pressure deviations on the southwest sidewall were calculated with respect
to the NNE site on the relatively undisturbed northeast sidewall. To increase
the comparability among the individual sites by removing the altitude effect,
the mean pressure difference between each site and the NNE site between
2300 and 0600 MST was subtracted from the respective time series. With the
exception of a weak diurnal trend, particularly at RIM, the pressure remains
relatively constant throughout the night of 26-27 October, when no wakes
form over the southwest sidewall (Fig. 7b). During the night of 16-17 Oc-
tober, the pressure along the southwest sidewall is affected by the formation,
breakup, and subsequent reformation of the small wake (Fig. 7d). The pressure
at RIM, SSW4, and SSW2 drops with the formation of a wake around mid-
night, increases to a positive peak during the short breakup of the wake around
0200 MST and then decreases again. It remains low until about 0400 MST at
RIM and SSW4, although the pressure increases already somewhat earlier at
SSW2. Even at SSW1 farther down the slope, a short drop in pressure is ob-
served after 0200 MST. Interestingly, SSW3, which is located between SSW4
and SSW2, remains unaffected. Even during the night of 27-28 October, the
brief weakening of the wake around 0100 MST, which is indicated by a sta-
bilization of the crater atmosphere, leads to a brief increase in pressure at all
sites (Fig. 7f). Average pressure perturbation profiles (Fig. 8b) suggest that
during quiescent conditions and shallow intrusions the pressure is on average
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Fig. 7 Time series of (a,c,e) potential temperature at different sites running up the south-
southwest hobo line from the crater floor (dark blue) to the rim (dark red) at 10-20 m
height intervals and (b,d,f) pressure differences between sites along the southwest sidewall
and a site on the opposite north-northeast sidewall on (a,b) 26-27, (c,d) 16-17, and (e,f)
27-28 Oct. The respective mean pressure difference Ap over the 7-h period between 2300
and 0600 MST was subtracted from each pressure time series for better comparability among
the sites.
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Fig. 8 Pseudo-vertical profiles of median (a) potential temperature and (b) pressure de-
viations along the south-southwest crater sidewall for the different flow regimes. Pressure
deviations were calculated with respect to a reference site on the northeast sidewall and the
mean over the period 2300-0600 MST was subtracted for better comparability among the
sites. Shading indicates the 10t" and 90" percentiles.

higher over the southwest sidewall than over the opposing northeast sidewall
in the lower part of the crater, whereas during deeper intrusions and small
wakes the pressure gradient reverses. During large wakes, the pressure distri-
bution is relatively homogeneous. In the upper part of the crater, the pressure
over the southwest sidewall is generally higher than over the northeast sidewall
independent of the flow regime. It has to be kept in mind, however, that only
one reference site, which is located in the lower part of the crater, exists on
the northeast sidewall.

Turbulence characteristics in the wake region, such as turbulence kinetic
energy (TKE), the velocity aspect ratio (Vickers and Mahrt 2006)

VAR = [ ——— : (1)

momentum fluxes, and the vertical heat flux are shown for the three case stud-
ies in Fig. 9 and for the entire month in Fig. 10. In the absence of a wake over
the southwest sidewall during the night of 26-27 October, TKE is generally
low with the exception of SSW2 (Fig. 9a), which is located near the top of the
basin-floor inversion and most of the time at the lower edge of cold-air inflow
(Fig. 3a). TKE at SSW2 is dominated by contributions from the horizontal
velocity variances u/2 and v’2. While TKE is generally weak at the other sites,
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VAR is closer to 1 at RIM and to a lesser degree at SSW4, meaning that w2
has a similar magnitude as «2 and v'? and turbulence is closer to isotropic.
During the night of 16-17 October, TKE at SSW4 reaches values similar to
SSW2 (Fig. 9e). This increase in TKE compared to the night of 26-27 Oc-
tober is due to an increase in the variances of all three velocity components,
but particularly after 0200 MST, u/? and v'? increase more strongly than w’2,
leading to a decrease in VAR. TKE increases strongly at the basin floor and
at the crater rim when a large wake forms during the night of 27-28 October,
with comparatively low values along the southwest sidewall (Fig. 9i). VAR also
remains relatively low during this night (Fig. 9j).

The generally low values of TKE at RIM and FLR, with the exception of
large wakes when particularly u/2 +v'2 increases significantly, can be observed
throughout the entire month (Figs. 10a, d). On the other hand, large wakes
are generally characterized by low TKE at both SSW2 and SSW4 (Figs. 10b,
¢). For small wakes, the increase in TKE at SSW2 observed during the night of
16-17 October is also seen throughout the month (Fig. 10c). At SSW4, how-
ever, the small wakes show relatively large scatter of both w2 and u'2 + v'2
(Fig 10b). For intrusions, the analysis of the entire month shows a slightly
different picture than just the night of 26-27 October. It can be clearly seen
that at SSW4, TKE is generally higher during intrusions than during wake
events, with an increase in both w2 and /2 + v'2. Similarly, larger TKE val-
ues occur at SSW2 during deep intrusion events, when the cold-air intrusions
actually reach the site, with relatively large scatter during the less deep intru-
sion events (Fig 10c). In contrast to SSW4, however, the increase in TKE at
SSW2 is generally due to in increase in u/2 + v'2, while w’2 remains low.

The horizontal momentum fluxes are also influenced by the formation of
a wake over the southwest sidewall. The streamwise momentum flux u/w’ is
generally positive at SSW4 and SSW2 during both the night of 26-27 October
(intrusions; Fig. 9¢) and the night of 16-17 October (small wake; Fig. 9g),
with negligible values at RIM and at FLR. As a small wake forms during the
night of 16-17 October, w/w’ increases at SSW2 compared to the intrusion
night of 26-27 October, with a weak minimum between 0100 and 0200 MST
together with the brief breakup of the wake. The lateral momentum flux v/w’
increases as well (not shown), but remains small compared to the streamwise
component. Based on the wind speed, it had been established that small wakes
do not affect SSW2 but only SSW4 farther up the slope. The close correlation
between the momentum flux at SSW2 and the timing of the wake, however,
suggests that SSW2 is affected, even though the wake does not extend this
far down the sidewall. This may be related to another phenomenon, that is,
the formation of gravity waves and associated warm-air intrusions (Whiteman
et al. 2018b), which form under similar conditions as small wakes. This will
be further discussed in Sect. 6.

The increase in momentum flux at SSW2 for small wakes can also be seen
throughout the month, but with relatively large scatter (Fig. 10g). Increased
values in u/w’ result also from deep intrusions reaching the lower sidewall. At
SSW4, positive values of momentum flux are observed during all intrusions and
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Fig. 10 (a-d) Contributions of w2 + v'2 and w'2 to TKE and (e-h) vertical heat flux and
streamwise momentum flux at (a,e) RIM, (b,f) SSW4, (c,g) SSW2, and (d,h) FLR.

close to zero or negative values during wakes (Fig. 10f). The generally positive
values during intrusions suggest that the cold-air intrusions are extremely
shallow, with the highest wind speeds located below the measurement height
of 3 m AGL, resulting in an upward momentum transport.

During large wakes (e.g., 27-28 October, Fig. 9h) the momentum fluxes
at RIM and sometimes at FLR can increase in magnitude, with relatively low
values at the other sites (Fig. 10e-h). However, while the momentum flux at
RIM remains positive, negative values are equally possible at FLR.

In the vertical heat flux, there is little difference between intrusions and
wakes. It is overall negative at all sites, consistent with stable conditions,
with values close to zero during intrusions and small wakes (Figs. 9b, d and
Figs. 10e-h). Some small positive values are possible at FLR (Fig. 10b).
The magnitude of the heat flux is generally independent of the flow regime
(Figs. 10e-h). During the night of 27-28 October, however, when a large wake
forms, the heat flux increases in magnitude at all sites despite the almost
neutral stratification during this time (Fig. 91).

Scintillometer measurements were made across the southwest part of the
crater to observe turbulence in the immediate lee of the rim (Fig. 1), where
the flow separates from the surface. A time series of the refractive index struc-
ture parameter C2 is shown in Fig. 11 for the night of 16-17 October. C?
is a measure for the spatial variability of the refractive index of air and thus
for turbulence intensity. During this night, C? increased around 0200 MST
together with the onset of flow separation, indicating increased turbulence
near the top of the crater compared to time periods with flow intrusions. A
similar, although much weaker, increase was also observed during the shorter
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Fig. 11 Time series of the refractive index structure parameter on 16-17 Oct. Background
color shading as in Fig. 3.

period of flow separation around 0100 MST. A statistical comparison of C?
for the five different flow categories for the whole month revealed, however,
similar median values for small wakes and the two intrusion categories and
even a lower 75 percentile (not shown). Large wakes, on the other hand, have
statistically slightly higher C2 values. It is conceivable that the small wakes
were oftentimes too shallow to be captured by the scintillometer path. The
available measurements during METCRAX II, however, did not allow for a
determination of the actual slope-normal wake depth.

6 Summary and Discussion

Observations have been presented from the METCRAX II field campaign in
the approximately 170-m deep and 1.2-km wide Meteor Crater in Arizona
that show that wakes can form over the inner southwest crater sidewall. The
wakes are characterized by low wind there, but are speeds coincident with
relatively high wind speeds at the crater rim and at the crater floor. The
Meteor Crater is located on an extensive plain that slopes slightly upwards
to the southwest, so that a southwesterly katabatic flow forms in connection
with a surface-based inversion during quiescent and undisturbed nights. As
the southwesterly katabatic wind flows over the approximately 30—50-m high
crater rim, the flow can either run down the southwest sidewall because the
air is colder than the ambient crater atmosphere or it can separate from the
surface leading to the formation of a wake over the inner sidewall.

The analysis has focused on nighttime data from the one-month long mea-
surement campaign. The data were classified into five different regimes based
on wind speed observations at the southwest crater rim and at two sites on
the southwest inner sidewall: flow separation with the formation of either (i)
large wakes that affect the entire southwest sidewall (WLG) or (ii) small wakes
that affect only the upper part of the southwest sidewall (WSM), (iii) deep
and (iv) shallow cold-air intrusions when no wake forms but part of the up-
stream drainage flow runs down the sidewall until it reaches its level of neutral
buoyancy (IDP and ISH), and finally, (v) quiescent conditions (Q). Schematic
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Fig. 12 Schematic diagrams of (a) shallow intrusions, (b) deep intrusions, (c) small wakes,
and (d) large wakes. Small black arrows show potential recirculation zones and small red
eddies indicate turbulence, with a larger number of eddies indicating higher TKE.

diagrams of the two wake regimes and the two intrusion regimes in Fig. 12
summarize the findings from the analysis of the upstream conditions leading to
flow separation and the mean and turbulence conditions in the crater, partic-
ularly within the wake region. The classification scheme is of course strongly
site dependent. For example, it is easily conceivable that very small wakes
form over the upper part of the crater sidewall that do not even extend to
SSW4 and are thus classified as intrusion regimes. Similarly, the classification
into deep versus shallow intrusions and large versus small wakes is based on
wind-speed observations at SSW2, a site approximately 50 m above the crater
floor. Observations at a lower or higher site may lead to different classifica-
tions. A thorough analysis of a cold-air intrusion dominated night is presented
by Whiteman et al. (2018a). As also shown in the work by Whiteman et al.
(2018a), cold-air intrusions (Figs. 12a, b) form when the upstream katabatic
flow is shallow according to the classification by Stiperski et al. (2018) and the
flow decelerates towards the crater. As the lower part of the drainage flow is
colder than the crater atmosphere, the cold air can run down the sidewall un-
til it reaches its level of neutral buoyancy. The location of the level of neutral
buoyancy determines whether shallow (Fig. 12a) or deep (Fig. 12b) intrusions
form, that is, whether the intrusion reaches to the measurement site in the
lower part of the sidewall. The crater atmosphere is typically strongly strat-
ified in the lowest layer during intrusions, but relatively strong turbulence
is observed in the vicinity of the intrusion flow. While the lower part of the
southwest sidewall is thus typically characterized by quiescent conditions for
shallow intrusions, wind speed and turbulence increase and stability decreases
for deep intrusions.

For the analysis, a fifth, quiescent regime was defined, which was used to
filter out data with overall low wind speeds, both at the crater rim and along
the southwest crater sidewall. Based on our classification method, whose main
criterion is the wind speed on the sidewall, these data would have otherwise
not been distinguishable from the flow separation regimes, which, however,
form only under higher wind speeds. The general conditions both upstream
(e.g., wind speed and profiles) and in the crater (e.g., stability) during these
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quiescent periods are very similar to intrusions. This category is thus not a
separate physical regime, but rather consists of intrusions under very weak
wind conditions.

The occurrence of flow separation and subsequent wake formation generally
matches the criterion for bluff-body flow separation by Baines (1995), that is,
that the leeside half-length of the obstacle is smaller than the half wavelength
of the internal waves excited by the obstacle. Estimating the half-length of
the crater sidewall, the resulting criterion becomes N/U < 0.02 m~! for the
Meteor Crater, that is, flow separation is facilitated by lower stability and
higher wind speeds. Observations show that the wind speed at the crater rim
plays a crucial role, with flow separation becoming the dominant regime for
layer-averaged wind speeds larger than 5 m s~!. The upstream wind profile
during conditions leading to flow separation is typically characterized by a deep
katabatic flow according to the classification by Stiperski et al. (2018) and the
flow accelerates towards the crater, with the horizontal pressure gradient just
upwind of the crater rim opposing the direction of the katabatic flow (Figs. 12c,
d).

Flow separation leading to the formation of small wakes is summarized
in Fig. 12c. The slope-normal extent of the wake is probably exaggerated in
the schematic diagram. Lidar scans were performed from a site slightly below
SSW2, but the small wakes seem to be too small to be seen by the lidar scans.
For small wakes, the upper part of the sidewall is characterized by low wind
speeds and low turbulence compared to the lower part of the sidewall. While
the wake does not extend to the lower part of the sidewall, conditions at the
lower sidewall and also at the crater floor still show some correlation with the
formation of the wake, for example, increased wind speeds and momentum
fluxes and reduced stability. The conditions leading to flow separation and the
formation of small wakes are, however, similar to the conditions leading to the
formation of deep gravity waves over the crater and the associated downward
transport of warm air into the crater from above (Whiteman et al. 2018b). The
night analyzed by Whiteman et al. (2018b) (IOP4; 19-20 October) is overall
very similar to the night of 16-17 October, that is, our case study for small-
wake formation. This suggests that small wakes may occur together with a
deep wave downstream, which causes the increased wind speeds at SSW2 and
the increased mixing and destabilization in the lower part of the crater. An
open question is whether the reduced stability in the crater as a result of the
gravity waves facilitates flow separation at the rim. Whiteman et al. (2018b)
also identified a transitional period when the flow over the crater rim bifurcates
leading to a quiescent, wake-like flow region between the two bifurcating flow
layers over the southwest part of the crater, which they called a cavity. This
cavity, however, is not identical with the wake region identified here, which
forms below the intruding flow (Fig. 12¢), whereas the cavity is located above
the intruding branch of the flow (see their Fig. 11).

With very high wind speeds upstream (more than about 7 m s~!) only
large wakes form, whereas for lower wind speeds either small or large wakes
can form. A schematic diagram of this regime is presented in Fig. 12d. No
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direct observations of the large, crater-size eddy indicated in Fig. 12d are
available. Observations from the crater floor, however, show a return circula-
tion that opposes the southwesterly flow above the crater and pseudo-vertical
temperature profiles along the crater sidewalls indicate a well-mixed crater
atmosphere. Similar conditions that are representative of our large wake cases
were simulated by Katurji et al. (2013), who performed idealized simulations
of flow over a basin with a size similar to the Meteor Crater, with high wind
speeds of 10 m s~! and neutral stratification.

The observation of flow separation at the crater rim has yielded another
detail in the understanding of the complex nocturnal flow at the Meteor Crater
and the different flow regimes resulting from the interaction of the southwest-
erly katabatic flow with the crater topography. While the available observa-
tions have not allowed a direct visualization or a determination of the exact
size of the eddy or wake resulting from flow separation, the data have provided
a detailed description of the flow characteristics within the wake and down-
stream of the wake and allowed the analysis of the conditions leading to flow
separation at the crater rim.
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