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Abstract: The October 2006 Meteor Crater Experiment (METCRAX 2006) provided a laboratory-like setting for
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Keywords: Meteor Crater, Arizona, stable boundary layer, METCRAX 2006, radiation budget, temperature inversions

1. INTRODUCTION
A month-long Meteor Crater Experiment (METCRAX 2006) was conducted at the Barringer Meteorite
Crater (a.k.a. Meteor Crater) near Winslow, Arizona, in October 2006. METCRAX had two objectives: (1)
to investigate the meso- and micro-scale structure and evolution of the stable boundary layer in and around
the rather idealized crater topography, and (2) to investigate whether an atmospheric analogue to lake and
ocean seiches (i.e., standing waves in an enclosed or partially enclosed basin) would be produced in the
crater by background winds crossing over the crater rim. These two objectives are being pursued in a 3-year
research program which combines observations, analysis, and numerical modelling. This article focuses on
the field study. Further information can be found at http://www.met.utah.edu/whiteman/METCRAX.
2. THE METEOR CRATER
The Meteor Crater, 40 km east of Flagstaff, Arizona, was produced by the impact of a meteorite of
approximately 50 m diameter on the Colorado Plateau about 50,000 years ago, producing a near-symmetric
crater that is 182 m deep and 1.2 km in diameter (Fig. 1). The crater
rim rises about 50 m above the level of the surrounding plain and
the ridge line is unbroken by major passes. The crater floor center is
a nearly level playa or dry lake bed. High-angle cliffs on the upper
crater sidewalls grade progressively into boulders, talus, scree and
layered soil alluvium as the crater floor is approached. The crater
has a sparse cover of grasses and bushes, and subtle differences in
vegetation type and coverage occur in different microclimatic zones
in the crater associated with solar radiation input, shadows from the
Figure 1: Meteor Crater. USGS photo.
rim, and water drainage and collection.
3. THE METCRAX FIELD EXPERIMENT
Most of the field instrumentation was intended for continuous operation during the one-month-long field
program. Some additional meteorological equipment, however, was intended for operation during overnight
periods when skies were clear and background winds were weak. These Intensive Observational Periods
(IOPs) were designed to provide additional data to investigate radiative flux divergence and the evolution of
nocturnal temperature inversions inside the crater, and the effect on crater inversions of atmospheric
structure evolution outside the crater. IOPs began at 3pm and continued until the nocturnal temperature
inversion broke up the next morning, usually at about 9am. IOPs were selected on the basis of 24-h forecasts,
with confirmation on the morning of the IOP. The special observations included tethersonde flights from the
crater floor and 3-hourly rawinsonde launches from a site outside the crater (site A in Fig. 1). IOPs 1-7 were
conducted on 7-8, 11-12, 18-19, 20-21, 22-23, 28-29, and 30-31 October 2006, respectively. A third mode of
operation (an intermittent, multi-site mode), not reported here, supplemented meteorological data on seiches
and gravity waves by focusing additional high-rate observations on the crater's rim and sidewalls.

4. INSTRUMENTATION AND SITES
The observational program was supported by in situ and remote sensing equipment from the National
Center for Atmospheric Research's (NCAR) Earth Observing Laboratory and by the Principal Investigators,
and included a radar wind profiler, 7 heavily instrumented flux towers, a miniSODAR, a rawinsonde
sounding system, 2 remote acoustic sounding systems (RASS), 3 tethered balloon sounding systems, 60
temperature data loggers, and a radiative flux divergence tower. The flux towers, called Integrated Surface
Flux Facilities (ISFF), generally had 4 levels of sonic anemometer and temperature and humidity sensors, as
well as a full complement of soil sensors, Krypton hygrometers, and radiometers (upward and downwardlooking pyranometers and pyrgeometers, and net
radiometers). The flux tower on the west rim of the crater
was used, along with remote wind profiling sensors
outside the crater, to determine the strength of the
background winds approaching the crater. The locations
of the instruments are shown in Figs. 2 and 3.

Figure 2: Topographic map showing the three main
areas where instruments were located. UTM
projection; north is at the top of the map; contour
interval is 10 m. Site A, 5 km NNW of the crater,
had a radar wind profiler, a RASS, a rawinsonde
launching facility, and an automatic weather station.
Site B, the area within and immediately surrounding
the crater, is described further in Fig. 3. Site C, 2.5
km SW of the crater, was instrumented with an
ISFF, a miniSODAR, and a RASS.

Figure 3: Topographic map showing instrument sites in the
near field of the crater. UTM projection; north is at the top of
the map; contour interval is 10 m. Shown are two intersecting
lines of HOBO temperature data loggers crossing at the crater
center, six ISFF towers, three tethersonde sites, and a radiative
flux divergence tower. The HOBO lines cross at site C00. Line
segments running up the sidewalls from C00 are designated by
their cardinal direction and number (e.g., C00, N01, N02, …,
N13). N09, E08, S09, and W09 were located on the crater rim.

5. OBSERVATIONS AND PRELIMINARY ANALYSES
The field program was designed to investigate (a) the diurnal cycle of buildup and breakup of the cold-air
pool, (b) the mean and turbulence characteristics of the down-slope and up-slope flows into and out of the
crater and their roles in boundary layer evolution, (c) the effects of ambient winds on boundary layer
evolution, (d) the crater microclimate, including temperature and humidity fields and surface radiation and
energy budgets, (e) the role of radiative flux divergence in boundary layer evolution, and (f) the roles of
seiches (oscillations of the basin airmass at its natural period) and gravity waves in transport and diffusion in
the crater atmosphere. In this section we will highlight some initial results at a time in the project cycle when
detailed turbulence data sets are not yet available. Hahnenberger et al. (2007, this issue) presents first results
for item (a); Clements et al. (2007, this issue) and Savage et al. (2007, this issue) provide initial results for

(b). Savage et al. (2007, this issue) and Zhong and Savage (2007, this issue) deal with (c). Hoch and
Whiteman (2007, this issue) discuss the surface radiation balance in the crater, which is part of (d). Hoch and
Whiteman (2007) present initial radiative flux divergence results from (e).
5.1 Crater inversion strength and its seasonal distribution
Temperature data loggers were operated on the crater rim and floor from 28 Sep 2005 through 30 Oct
2006. In Fig. 4, the daily maximum and
minimum temperature differences
between the rim and floor sites are
plotted for the entire period of record.
The maximum curve is a measure of
temperature
inversion
strength.
Inversions are clearly stronger during
the winter months, reaching 10-17°C
through the 165-m depth. Because the
minimum daily values of temperature
difference were always negative, no
Figure 4: Daily rim-floor temperature difference maxima and minima
multi-day
temperature
inversions
(°C).
occurred.
5.2 Temperature minima and maxima on the sidewalls
Minimum and maximum temperature values for the period from 1200 MST on 22 Oct to 1200 MST on
23 Oct are plotted as a function of normalized height in Fig. 5. The data come from 5-min temperature values
collected at each of the HOBO sites, which are on four sidewall lines running N, E, S, and W from the crater
center. Heights are normalized by the highest altitude on the crater rim. Some sites are located on the outer
sidewalls of the crater (see Fig. 3). During this clear quiescent period, the lowermost 10% of the sites in the
crater experienced the lowest temperature minima. The outer slopes of the crater experienced lower
temperatures than the same altitudes inside the crater. The south and west lines in the upper 70% of the crater
experienced lower temperatures than the north and east lines. Maximum temperatures were higher on the
inner sidewalls of the crater on the north and east lines, since they were subject to strong afternoon
insolation. Maximum temperatures were warmer on the outer sidewalls than on the inner sidewalls at the
south and west lines.
5.3 Cold-air pool disturbances
Tethersonde soundings from three sites inside the crater showed that temperatures were horizontally
homogeneous within the crater on clear, quiescent nights. In such conditions, a strong 30-m-deep surfacebased inversion formed on the crater floor, with a near-isothermal layer extending from the top of the
surface-based inversion to rim level. As the crater cooled during the night, a temperature jump occurred
above the rim to connect the cold air in the crater to the warmer air aloft.
On many nights, a mesoscale drainage flow from the southwest produced strong background winds above
the rim that disturbed the cold-air pool in the crater. This is depicted in Fig. 6, where the coincident
tethersonde soundings inside the crater are compared to the rawinsonde sounding outside the crater. In this
case warm air has been mixed downward over the west sidewall tethersonde site, disturbances are seen in the
profile above the east sidewall, and the cold-pool is largely undisturbed over the crater center. The cold-air
pool inside the crater could not be maintained when winds at rim level exceeded 5-6 m/s.
Gravity waves were another type of disturbance seen within the crater cold-air pool. Fig. 7 shows
temperature measurements made on the line of HOBOs on the west sidewall. Here, temperature oscillations
are clearly seen in the evening measurements at HOBO site W02, 5 m above the crater floor and within the
strong surface-based temperature inversion.

6. CONCLUSIONS
METCRAX 2006 collected a large quantity of meteorological data from a topographically near-ideal
basin. Data analyses have only
just begun, but we are confident
that new and exciting results will
emerge over the next few years
from this mountain meteorology
research program.
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