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ABSTRACT

Comparisons are made between the postsunrise breakup of temperature inversions in two similar closed basins
in very different climate settings, one in the eastern Alps and one in the Rocky Mountains. The small, high-
altitude, limestone sinkholes have both experienced extreme temperature minimabelow —50°C and both develop
strong nighttime inversions. On undisturbed clear nights, temperature inversions reach to 120-m heights in both
sinkholes but are much stronger in the drier Rocky Mountain basin (24 vs 13 K). Inversion destruction takes
place 2.6-3 h after sunrise in these basins and is accomplished primarily by subsidence warming associated
with the removal of air from the base of the inversion by the upslope flows that develop over heated sidewalls.
A conceptual model of this destruction is presented, emphasizing the asymmetry of the boundary layer devel-
opment around the basin and the effects of solar shading by the surrounding ridgeline. Differences in inversion
strengths and postsunrise heating rates between the two basins are caused by differences in the surface energy
budget, with drier soil and a higher sensible heat flux in the Rocky Mountain sinkhole. Inversions in the small
basins break up more quickly following sunrise than for previously studied valleys. The pattern of inversion
breakup in the non-snow-covered basins is the same as that reported in snow-covered Colorado valleys. The
similar breakup patternsin valleys and basins suggest that along-valley wind systems play no role in the breakups,

since the small basins have no along-valley wind system.

1. Introduction

Strong temperature inversions can form in mountain-
ous terrain in clear undisturbed weather, leading to se-
rious air pollution problems, persistent fog and stratus,
and disruptions to ground and air transportation. The
trapping of cold air within the inversions affects agri-
cultural production and leads to extreme temperature
minima. The breakup of valley and basin inversionsis
a particularly difficult weather forecasting problem. For
thisreason, an expert panel (Smith et al. 1997) hascalled
for enhanced research on the mechanisms that lead to
the breakup of valley and basin inversions. Recent ob-
servational studiesin valleys and large basins have ap-
proached the problem from an energetics framework,
studying the effects on inversion breakup of heat trans-
fer to the valley or basin atmosphere. These studies have
been hampered by difficultiesin measuring theinfluence
of along-valley advection on heat transfer, since total
advection is the small difference between two large

Corresponding author address: C. David Whiteman, Pacific North-
west National Laboratory, PO. Box 999, Richland, WA 99352.
E-mail: dave.whiteman@pnl.gov

© 2004 American Meteorological Society

terms that are difficult to measure, vertical advection
and horizontal advection.

Because the confounding effects of advection by
along-valley winds are eliminated in small enclosed ba-
sins and because their small size makes such basins
easier to instrument, two studies of the temperature in-
version life cycle were recently conducted in small ba-
sins of similar size in the Rocky Mountains (Clements
et al. 2003) and the Austrian Alps (Steinacker et al.
2002; Whiteman et al. 2004a,b). Data from these ex-
periments are used in this paper. A detailed description
of the Peter Sink experiments was published by Cle-
ments et al. (2003), and a comprehensive overview of
the Gruenloch experiments is being submitted for pub-
lication (R. Steinacker 2004, personal communication)
so that the experiments are only briefly described in this
paper. The two basins are small, remote, high-elevation,
limestone sinkholes that are known for producing ex-
treme temperature minima. The Gruenloch (or Gstett-
neralm) sinkhole or dolinein the eastern Alpsnear Lunz,
Lower Austria, has recorded an extreme minimum tem-
perature of —52.6°C. The Peter Sink, on the crest of
Utah's Bear River Range, has reached temperatures as
low as —56.3°C (Pope and Brough 1996). The remote
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location of these sinkholes did not allow experiments
to investigate the extreme minimum temperature events
that occur in winter, but the extreme cooling in the sink-
holes is also seen in other seasons and the experiments
were focused on investigating the physical processes
that lead to strong cooling in the sinkholes and the as-
sociated strong temperature inversions. In both basins,
series of tethered balloon soundings were made during
the postsunrise temperature inversion breakup period.
The purpose of this article is to use these data to in-
vestigate inversion breakup in the two sinkholes, re-
porting on the similarities and differences of the wind
and temperature structure evolution in the two sink-
holes, comparing the inversion breakups in these small
enclosed basins with inversion breakups in valleys and,
to the extent that data allow, investigating the surface
energy budgets and atmospheric energetics during the
inversion breakup periods.

A number of previous studies have investigated the
buildup and breakup of temperatureinversionsin basins.
The buildup of temperature inversions in basins has re-
ceived research attention that was summarized by Geig-
er (1965). The impetus for the studies reported by Geig-
er was to determine the causes of extreme temperature
minima and their impacts on human habitats, especially
in agricultural areas. More recent investigations of in-
version buildup (e.g., Magono et al. 1982; Yoshino
1984; Maki and Harimaya 1988) have extended to stud-
ies of basin heat budgets during nighttime (Maki et al.
1986; Kondo et al. 1989; Whiteman et al. 1996), the
role of downslope flows on inversion development
(Mori and Kobayashi 1996), and the seasonal variation
of radiation on inversion characteristics (lijimaand Shi-
noda 2000). To date, inversion breakup has been in-
vestigated primarily on cross sections of relative large
valleys (e.g., Whiteman 1982; Whiteman and McKee
1982; Miller and Whiteman 1988; Bader and McKee
1983, 1985; Sakiyama 1990), in large basins (Bantaand
Cotton 1981; Banta 1984; Whiteman et al. 1999a, 2001;
Zhong et al. 2001), but also in arelatively small 84 km?
Colorado basin (Whiteman et al. 1996; Fast et al. 1996).
To our knowledge, no previous studies of inversion
breakup have been conducted in basins of the small size
(approximately 2 km?) of the Peter Sink and Gruenloch
basins.

The Gruenloch basin, because of itslongstanding rep-
utation for extreme temperature minima (Geiger 1965)
and its proximity to the Lunz Biological Station
(Bretschko and Adamicka 1998), has been the site of
previous biological and meteorological (e.g., Sauberer
and Dirmhirn 1954, 1956; Litschauer 1962) research.
The meteorological research, as for other basins, has
focused primarily on temperature minimaand nighttime
temperature inversions. Sauberer and Dirmhirn, how-
ever, included two temperature soundings in their 1954
paper that were made partway through the postsunrise
temperature inversion breakup period. These soundings,
conducted on an early March morning with snow cove,
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showed warming progressed downward into the basin
from aloft during the inversion destruction period. As
we will see, our data collected during a non-snow-cov-
ered casein early June show similar characteristics. Oth-
er characteristics of inversion breakup in these sinkholes
provided interesting surprises. The inversion breakup
times were shorter in these basins than in valleys that
have been studied previously; despite substantial dif-
ferencesin inversion strengthsin the two basinsthetime
required to break the inversions was nearly identical;
the inversion breakup pattern in the small enclosed ba-
sins was very similar to that seen in snow-covered val-
leysin Colorado; and these similar valley/basin breakup
patterns occurred despite the absence of along-valley
wind systems in the basins.

2. Basin topography

Topographic maps of the two basins are shown in
Fig. 1. The Gruenloch, on the Hetzkogel Plateau 5 km
south of Lunz, Austria, has afloor elevation of 1270 m
MSL and is completely surrounded by higher terrain up
to the lowest pass (the Lechner Saddle) northwest of
the basin center at 54 m above the basin floor (ABF).
The Peter Sink, located in the United States on the crest
of Utah's Bear River Range 150 km NNE of Salt Lake
City, hasafloor elevation of 2500 m MSL and itslowest
pass is to the southwest of the basin at an elevation of
35 m ABFE This pass connects the sinkhole to another
sinkhole lobe.

Figure 2 shows the heights above the basin floor of
the ridgelines surrounding the basins. The Peter Sink is
seen to have relatively low ridgelines, with no topog-
raphy exceeding 153 m ABF Relatively low saddles or
passes are found at elevations of 35-75 m ABF to the
NNW, NNE, E (East Saddle), and SSW (South Gap) of
the basin center. The Gruenloch, in contrast, is sur-
rounded by more variable terrain, including a major
peak, the Hihnerkogel (1651 m MSL). The passes are
fewer and at higher elevations than for the Peter Sink.
Major passes are found to the SW (Ybbstaler Saddle),
NW (Lechner Saddle), and ESE (Seekopfalm Saddle)
of the basin center. The Lechner Saddle is the only pass
whose elevation is below 120 m ABF, the depth of typ-
ical nocturnal inversions.

Figure 3 shows the drainage areas and atmospheric
volumes for the two basins as determined from detailed
topographic maps using a planimeter. The computations
for each basin were made up to the highest points on
the ridgelines (i.e., the elevations at the left-hand sides
of Figs. 2ab), assuming vertical boundaries above the
lower ridgeline terrain (dashed linesin Fig. 1 and upper
boundary of shaded areas in Figs. 2ab). Cumulative
basin volume as a function of height was obtained by
summing the volumes of atmospheric layers between
adjacent terrain contours calculated as the volume of
the frustrum of a cone. The basins have comparabletotal
drainage areas (2.25 km? for the Peter Sink and 1.82
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Fic. 1. Topographic maps of the (a) Peter Sink and (b) Gruenloch
basins showing the tethersonde locations (TS1-TS3) and the basin
boundaries (dashed lines).

km?2 for the Gruenloch), but the Gruenloch atmospheric
volume is 174% of the Peter Sink’s volume.

The slope angles are somewhat variable around the
Peter Sink basin. The east slope has an angle of about
11°, the north slope 13°, and the west slope 28°. The
annual precipitation in the sinkhole is an estimated 1040
mm (T. Wright 2003, personal communication). Vege-
tationinthe basinisrather sparse, asitisinadry climate
that is also grazed in the summer by cattle and sheep.
Vegetation type depends primarily on slope aspect. The
east slope contains mostly short grasses (<0.5 m) and
sagebrush (~0.75 m). The north slope supports a sparse
distribution of sagebrush and small shrubs (<0.5 m).
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Fic. 2. Ridgeline elevations as a function of clockwise distance
around the basins for (a) the Peter Sink and (b) the Gruenloch basins.
The ridgelines are shown as dashed lines in Fig. 1. Major gaps or
saddles in the ridgeline are indicated, as are the cardinal directions.

The basin floor has short grasses (<0.1 m) and bare
soil. Conifers are found on the basin crest. The lower
half of the west slope contains tal us; short conifersgrow
on the upper two-thirds of this slope. Soil type depends
on location, but generally consists of loose clay and
sandy alluvium. Observations were made following an
unusually dry summer and the soil was very dry, with
much dust on the roads and trails.

The Gruenloch is a near-circular sinkhole with uni-
form slope angles of about 15°—20°. The slopes to the
northeast are slightly steeper than thoseto the southwest.
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Fic. 3. Drainage areas (km?) and volumes (km?) as a function of
height for the two basins.
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The basin floor is 60-100 m in diameter, and there is
asmall pond (less than 10 m in diameter) that contains
water all year long at the lowest elevation. The sinkhole
is situated on a limestone plateau in one of the wettest
parts of the Eastern Alps, with an annual precipitation
of 2200 mm. The limestone bedrock of the sinkhole is
covered by a deep humus layer on the basin floor, but
the slopes have only athin layer of soil (decreasing with
altitude), with bare rock exposed at some locations.
Rather unusually for this part of the Alps, the distri-
bution of vegetation does not depend on slope aspect.
In spite of the humid soail, tall conifers grow only on
the higher-elevation slopes and on the ridge crests. The
lower slopes have sparse dwarf pine trees, similar to
what isfound at other locations at much higher altitudes.
Last, the basin floor has only grasses and other subal pine
herbaceous plants, as the low minimum temperatures
hinder the growth of trees. Only plants that are covered
by awell-insulating snow cover can survive such hostile
conditions. Thus, both the Gruenloch and Peter Sink
exhibit a distinct *‘ vegetation inversion,” with no trees
at the lowest elevations of the basins.

3. Observations
a. Tethered balloon soundings

Tethered balloon soundings were made from the
floors of the Peter Sink and Gruenloch basins during
the clear, undisturbed mornings of 9 and 12 September
1999 and 3 and 4 June 2002, respectively. Astronomical
sunrise on these dates was 0604 and 0607 mountain
standard time (MST) and 0410 and 0409 central Eu-
ropean standard time (CEST), respectively. Local sun-
rise times at different locations within the basins were
variable depending on shadows cast by the surrounding
ridgelines. Shadows were particularly prevalent in the
lower altitudes of the Gruenloch because of the rela-
tively high ridgeline to the northeast and east of the
basin center.

Tethered balloon soundings from the 9 September
(Peter Sink) and 3 June (Gruenloch) tethered balloon
experiments (Fig. 4) are chosen for comparison, as the
soundings on these dates followed clear, undisturbed
nights when typical inversions were thought to have
developed in the basins. The inversions in both basins
extended to about 120 m ABF, but the Peter Sink in-
version was much stronger (24 vs 13 K).

In the Peter Sink basin (Fig. 4a), the 0505 and 0607
MST pre- and near-sunrise soundings found a two-layer
atmosphere in the basin. A 70-m-deep layer with a po-
tential temperature increase of 4.5 K was surmounted
by a 50-m-deep layer containing a potential temperature
jump of 19.5 K! The development of this structure dur-
ing the previous night was described by Clements et al.
(2003). The inversion was destroyed after sunrise by a
warming in the basin produced by subsidence and, es-
pecially later in the breakup period, by the upward
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growth of a convective boundary layer (CBL) from the
heated basin floor. The compensatory subsidence over
the center of the basin occursin response to the removal
of air from the basin inversion by upslope flows that
develop over the heated sidewalls. These sinking mo-
tions effectively transfer the heat released at the side-
walls through the entire basin cross section. This type
of inversion destruction, in which the inversion is de-
stroyed by acombination of subsidence and CBL growth
has been termed a pattern-3 inversion destruction
(Whiteman 1982). Theinversion was destroyed between
the 0829 and 0854 M ST soundings, approximately 2.6
h after astronomical sunrise. Mixing ratios above the
basin were only about 2 g kg—*. The mixing ratios were
dlightly higher inside the basin, but decreased again in
the lowest tens of meters above the basin floor. During
the inversion breakup period the mixing ratiosincreased
near the basin floor and were mixed upward, moistening
the atmosphere through and above the basin by 0926
MST. Winds were calm inside the basin inversion at
sunrise, but increased to 4 m s—* above the top of the
basin inversion. The winds above the inversion de-
creased after sunrise to 1-1.5 m s=*, but the winds in-
creased in the basin to 1-3 m s~* as the inversion de-
struction progressed. These east-through-south winds
are cross-basin flows that blew toward the most strongly
heated sidewalls.

Tethered balloon soundings in the Peter Sink were
made concurrently from three sites (Fig. 1) on the floor
and east sidewall of the sinkhole. Comparisons between
the soundings made at specific times during the inver-
sion breakup period (Fig. 5) show that potential tem-
perature exhibited little horizontal variation between
sites in the bulk of the inversion, except in the near-
ground layers at each site where nocturnal boundary
layers, present initially, were eventually replaced by
convective boundary layers after sunlight illuminated
the underlying slopes.

In the Gruenloch basin (Fig. 4b), thefirst up-sounding
near sunrise did not go high enough to determine the
inversion depth. The 0514 sounding, however, showed
that the potential temperature increased linearly from
the surface to 120 m with a temperature increase of 13
K. The near-sunrise soundings show atemperaturejump
at the altitude corresponding to the Lechner Saddle.
Nighttime temperatures are comparatively colder in the
enclosed cold-air pool below this outlet height. The
strong stability at the top of this pool effectively isolates
the lower pool from the partialy enclosed atmosphere
above, where nighttime drainage flows exit through the
Lechner Saddle. The basin floor was in shadow during
most of the inversion breakup period, so that no CBL
was noted at the base of any of the soundings. Soundings
ended before the inversion was completely destroyed,
but we estimate from surface temperature records on
the basin floor that the inversion was destroyed at about
0710 CEST, about 3 h after sunrise. Destruction was
caused by subsidence warming of the basin atmosphere
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Fic. 4. Tethered-balloon up soundings in (a) the Peter Sink 9 Sep 1999 and (b) the Gruenloch 3 Jun 2002. Peter Sink times are MST;
Gruenloch times are CEST. The arrow labeled LS indicates the height of the Lechner Saddle. For legibility, wind directions were not plotted

in (a) for heights at which speeds were 0.4 m s=* or less.

where the subsidence compensated for the removal of
air from the inversion by upslope flows on the heated
sidewalls. This type of inversion destruction has been
termed a pattern-2 destruction (Whiteman 1982). The
air within the enclosed lower basin (below the Lechner
Saddle) at sunrise was drier than the air above the basin
(mixing ratiosw of 3vs5gkg~*) with agradual increase
in mixing ratio above the level of the saddle. The mois-
ture deficit inside the lower enclosed basin (i.e., below
the Lechner Saddle) was produced by condensation and
sublimation of moisture onto the basin floor and side-
walls. A remoistening of the basin atmosphere occurred
during the inversion breakup period as air with a higher
moisture content was brought downward into the lower
basin from aloft and as evaporation occurred at the
ground. At sunrise, the winds within the inversion were
calm below the height of the Lechner Saddle. Above
this height (but still within theinversion) weak southeast
winds (<0.5 m s71) blew through the Lechner Saddle.

As the inversion breakup proceeded, winds both below
and above the Lechner Saddle blew from the northeast
through south toward the most strongly heated side-
walls, with wind speeds increasing to 2 m s—* near the
end of the inversion destruction period. This cross-basin
flow toward the most strongly heated sidewall, seen in
both the Gruenloch and Peter Sink observations, has
been noted in valleys, where it is termed a cross-valley
flow.

It took about the same amount of time after sunrise
(2.6-3 h) to break the two basin inversions, despite the
much stronger inversion in the drier climate setting of
the Peter Sink. The drier setting produces more outgoing
radiation at night, stronger inversions at sunrise, but also
stronger heating after sunrise and, thus, similar destruc-
tion times. The effect of the climate in producing in-
versions of different strength is supported by calcula-
tions of the heat losses accumulated in the basins from
the last well-mixed sounding of the afternoon until sun-
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Fic. 5. Concurrent soundings of potential temperature from the floor and east sidewall of the Peter Sink at various times during the
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shown in Fig. 1a. The TSL site was on the basin floor (2500 m MSL), while the TS2 and TS3 sites were at different heights (2521 and 2539

m MSL, respectively) on the east sidewall of the basin.

rise (not shown). The Peter Sink heat loss on 8-9 Sep-
tember was 1.00 MJ m~2 while the Gruenloch heat loss
on 2-3 June was 0.39 MJ m~2 (here, the Gruenloch heat
loss was accumulated to a height of only 105 m rather
than 120 m because the tethersonde data often did not
extend to the 120-m height), showing that the heat loss-
es, like the heat gains, are greater in the Peter Sink than
in the Gruenloch. The inversion breakup times in the
two sinkholes are shorter than the 3.5-5 h required for
destruction of deeper inversions in wider Colorado
(Whiteman 1982; Whiteman and McKee 1982) and
Swiss (Muller and Whiteman 1988) valleys, and the
approximately 9 h required in a large Japanese basin
(Kondo et al. 1989). The shorter breakup timesin small-

er basins indicates an enhanced effectiveness of heat
transfer in the smaller volume from convection, con-
duction, and radiation.

The extreme minimum temperatures reported for the
Peter Sink and Gruenloch differ by only a few degrees
Celsius (—56.3° vs —52.6°C) while the inversion
strengths in the two basins are substantially different
(24 vs 13 K). If these relative inversion strengths are
representative of the meteorological conditions (fresh
snow cover, clear skies, and the advection of extremely
cold air above the sinkholes) that produce the temper-
ature extremes, we might surmise that the temperatures
above the Gruenloch fall to lower values than those
above the Peter Sink. This cannot be tested, however,
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asvertical soundings are unavailablefor thetemperature
extreme cases. Long-term measurements are available
for alonger period of time in the Gruenloch, so that the
—56.3°C minimum in the Peter Sink may not be truly
representative of the extremes that can be attained there
in climatologically unusual events.

b. Surface energy budget measurements

Radiation and surface energy budget measurements
from the two basins for 12 September and 3 June are
shown in Figs. 6a and 6b. The data in the 3 h after
astronomical sunrise are of most interest for the present
study. Extraterrestrial solar radiation curvesin thesefig-
ures are values obtained for a horizontal surface from
atheoretical solar model (Whiteman and Allwine 1986)
that accounts for the day of year, time of day, and lat-
itude and longitude, but does not account for atmo-
spheric attenuation. Actual incoming solar radiation was
not measured in these experiments but a first estimate
of this, in accordance with measurements made by
Whiteman et al. (1989a) in a September experiment in
a high-altitude setting in the Rocky Mountains similar
to the Peter Sink, is that the incoming solar radiation
would be about 0.71 of the extraterrestrial curve when
in direct sunlight. A curve made under this assumption
isincluded as adashed linein Fig. 6a. Measured values
of net radiation at the floor of the Peter Sink and at two
sitesin the Gruenloch and sensible heat flux at the floor
of the Peter Sink are also shown. The delay of local
sunrise relative to astronomical sunrise in both basins
is apparent in the figures, with a 1-h delay on the floor
of the Peter Sink, a 2-h delay on the floor of the Gruen-
loch, and a delay of more than 5 h at a site on the east
sidewall of the Gruenloch. Shadows cast from surround-
ing trees and the effects of late afternoon cloudiness are
apparent in the Gruenloch curves. The measured net
radiation levels (Fig. 6) are in accordance with other
measurements performed in mountainous areas (Marty
and Philipona 2001; Sauberer and Dirmhirn 1958). De-
spite the lower altitude of the Gruenloch compared to
the Peter Sink, which might be expected to increase
atmospheric attenuation of the solar beam, we observed
higher net radiation levels in the Gruenloch. The ex-
planation lies primarily in the smaller solar zenith angle
at the samelocal time at Gruenloch in June than at Peter
Sink in September. In addition and among other factors
such as atmospheric turbidity, albedo, and ground tem-
perature, the partial cumulus cloudiness at Gruenloch
on that day may have enhanced the net radiation. On
the one hand, reflections at the cloud edges toward the
observer may result in enhancements in maximum
downward shortwave radiation levels compared with
clear-sky conditions (Segal and Davis 1992). On the
other hand, an enhancement in longwave radiation com-
pared to clear-sky levels of around 80 W m~2 (Sauberer
and Dirmhirn 1958) may occur because of the higher
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Fic. 6. Radiative and surface heat fluxes on the floor of (a) the
Peter Sink 12 Sep 1999 and (b) the Gruenloch 3 Jun 2002. Shown
are theoretical values of extraterrestrial solar flux (K,,) and measured
values of net all-wave radiation (Q,) and sensible heat flux (Q,).
Also shown in (@) is an estimate of the downward solar radiation (K,
~ 0.71K,,). The two Q, curves in (b) are from instruments on the
floor of the Gruenloch and on the east sidewall 30 m above the floor.

temperature of the cumulus clouds when compared with
the background atmosphere at higher altitudes.

A negative peak of net radiation occurs at the east
sidewall just before the rapid increase in radiation at
0900 CEST. The explanation lies in a sudden increase
in upward ground-reflected radiation as the sunlit areas
in the surroundings move closer to the pyrradiometer.
An increase in reflected shortwave radiation therefore
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occurs before the pyrradiometer emerges from the
shade.

4. Analysis of inversion breakup energetics

Computations of the fluxes of heat into and out of
the basin atmospheres during the inversion destruction
period are shown in Fig. 7. Figure 7a shows the cu-
mulative heat gains to the basin atmospheres following
sunrise as accumul ated with time and to a height of 120
m ABF using the formula

f 0 p@0@) - 6DIAQ dz

A

where 60,(2) is the potential temperature sounding just
before sunrise and 6(2) is the postsunrise vertical po-
tential temperature sounding of interest, ¢, isthe specific
heat of air at constant pressure, p(2) is the air density,
A(2) isthe basin drainage area, and potential temperature
is assumed to be horizontally homogeneous within the
basin. The value S has been calculated for sequences of
tethered balloon ascents, and the 120-m integration
height has been chosen to correspond to the nocturnal
inversion heights on 3 June (Gruenloch) and 9 Septem-
ber (Peter Sink). Inversion heights on 4 June and 12
September were 95 and 130 m ABF respectively. The

S= dm=2), (1
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divisionby A, in Eq. (1) facilitates comparisons between
basins of different size. For the Peter Sink, A, was 2.15
km?; for the Gruenloch, A, was 0.73 km? (Fig. 3).

The rates of heat gain, as determined from the slope
of the cumulative heat gain curve in Fig. 6a between
consecutive pairs of potential temperature profiles, are
shown in Fig. 7b. Therate in the Peter Sink risesrapidly
after sunrise, reaching 160 W m~-2 within 2 h after sun-
rise. The rates then drop as the inversion is destroyed
and the input of sensible heat becomes distributed
through a much deeper convective boundary layer ex-
tending above the basin (and above the 120-m-deep cal-
culation volume).

5. Discussion

This section will extend consideration of several top-
ics that arise from the analyses, including 1) the evolv-
ing three-dimensional structure of the basin atmosphere
during the inversion breakup period, 2) basin heat def-
icits, 3) the relationship between atmospheric and sur-
face heat budgets in different climate settings, and 4) a
comparison of inversion breakup processesin basinsand
valleys.

a. Three-dimensional inversion breakup structure

A conceptual model of inversion breakup in closed
basins during clear, undisturbed conditions is given in
Fig. 8, as modified from conceptual models of valley
inversion breakup by Whiteman (1982) and Brehm
(1986). At sunrise, the nocturnal inversion that built up
during the night extends across the basin from sidewall
to sidewall. I sentropes or isotherms are nearly horizontal
in this inversion (Whiteman et al. 2004a), except in a
shallow layer of several meters depth adjacent to the
slopes where the isentropes tilt upward, indicating the
temperature deficit that drives the nighttime downslope
flows. Following sunrise, the basin sidewalls are heated
by insolation. The insolation received depends on a
slope’s exposure to the sun’s rays, which depends on
the inclination angle of the slope, its azimuth angle, the
position of shadows cast by surrounding terrain, and the
sun’s position in the sky at a given date and hour. In
basins, insolation varies continuously around the basin
circumference, while in a simple linear valley the in-
solation is received on two sidewalls having azimuth
angles that differ by 180°. For simple basin topography,
the sunlight—shadow interface progresses down the east-
facing sidewall. The sunlight heats the ground and,
through the surface energy budget, produces an upward
sensible heat flux that develops a convective boundary
layer above the heated valley surfaces. Convection re-
moves mass from the overlying remnant of the nocturnal
inversion and this mass is carried upsiope by upslope
flows that form in the shallow heated convective bound-
ary layer. As compensation for the upslope flows over
the sidewalls, weak subsidence occurs over the basin.
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The sinking rate is stronger in narrower (as opposed to
wider) basins and in basins that develop stronger up-
slope flows (e.g., in climate settings where available
energy at the surface is partitioned mainly into sensible
heat flux). The subsidence rate varies with height, as
the mass budget requires that air mass carried up the
sidewalls in the shallow upslope flows be balanced by
sinking motions over the broader basin at the same
height, and both the mass carried by the upslope flows
and the basin horizontal area vary with elevation. The
subsidence is probably not uniform over the entire hor-
izontal area of the basin at a given height; the tendency
for the isentropes to remain horizontal under the influ-
ence of gravity (see Fig. 5 and simulations by Colette
et a. 2003) causes mass to be moved in cross-basin
flows toward locations where upslope flows remove
mass from the edges of the inversion. The compensatory
sinking motions produce advective warming (96/ot =
—wa6/oz > 0) in the uppermost layer of the inversion.
The sinking motions and associated warming progress
deeper into the basin as the sunlight progresses down
the sidewall. Once the basin floor and other sidewalls
areilluminated, a continuous convective boundary layer
may be present over the topography or parts of the to-
pography, and inversion destruction progresses through
continued sinking/warming of the bulk of the stable core
or through the upward growth of the convective bound-
ary layer from the underlying heated slopes or basin
floor. The relative rates of growth of the CBL and sink-
ing of the stable core depend on the basin width (wider
basins favor CBL growth) and the rate of release of
sensible heat (higher rates of sensible heat flux favor
CBL growth). Complete inversion destruction occurs
when the entire basin attains the potential temperature
of the air above the stable core, so that no elevated
remnants of the nocturnal inversion remain. It should
be kept in mind that the ** snapshots” in Fig. 8 are not
equally spaced in time. The progression of theinversion
destruction and whether CBL growth isseeninthebasin
floor soundings depends on shadows cast by the topog-
raphy and other factors that are variable from basin to
basin (Colette et al. 2003).

The Peter Sink and Gruenloch basins are in climate
settings where the surface energy budgets are quite dif-
ferent. The dry climate of the Peter Sink produces rel-
atively high rates of release of sensible heat compared
to those in the moist climate setting of the Gruenloch.
These differing rates of heat release are responsible for
the differing patterns of inversion breakup in the two
basins, pattern 3 (CBL growth and subsidence) in the
Peter Sink and pattern 2 (primarily subsidence) in the
Gruenloch. Both basins have well-devel oped inversions
at sunrise. Observations in both sinkholes (Clements et
al. 2003; Whiteman et al. 2004a) show that the isentro-
pes are near horizontal in the nocturnal inversion. After
sunrise, distinctive S-shaped potential temperature sub-
layersare often seen in the potential temperature profiles
(see Figs. 4ab, especially the 0647, 0708, 0729, and
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0755 MST soundings in the Peter Sink and the 0635
CEST sounding in the Gruenloch). These sublayers,
which occur before the basin floors are well illuminated
but while sunlight is strongly heating the east-facing
slopes, appear to be produced by horizontal eddieswith-
in the stable core or by gravity waves (Bader and McKee
1983) that are excited by convection impinging on the
inversion margin above the heated sidewall. The cross-
valley flow toward the heated sidewall has been pre-
viously noted in valleys that have strong differencesin
insolation on the opposing sidewalls (Urfer-Henneber-
ger 1970; Hennemuth 1986). Other studies have de-
duced this flow from measurements of tracer plume de-
position on the heated sidewall (Whiteman 1989) and
through numerical model simulations (Bader and White-
man 1989). Late in the inversion breakup period in the
Peter Sink, similar S-shaped deformations occur in the
CBL that grows upward from the heated basin floor and
from the sidewalls (Fig. 5). These deformations appear
to be convective plumesrising from the underlying heat-
ed surface.

In the Peter Sink and Gruenloch basins, the air above
the inversion top continues to warm during theinversion
destruction period, a feature that varies from basin to
basin and day to day, and is not indicated in the con-
ceptual diagram of Fig. 8. This warming above the in-
version, which is produced by warm air advection or
by horizontal turbulent sensible heat flux convergence
from the heated sidewalls that are above the remnants
of the nocturnal inversion, increases the heat required
to destroy the inversion, since air below the top of the
inversion that is being carried up the sidewalls must
now be warmed an extra amount to remove it from the
underlying inversion.

Interestingly, none of the soundings in the Gruenloch
show the development of aCBL at the basin floor, which
is in shadow until 0600 CEST (Fig. 5b) and has much
weaker sensible heat flux than the Peter Sink through
the entire breakup period. The sinking of the elevated
remnant of the nocturnal inversion (the ** stable core’)
during this same time, however, implies that substantial
mass is being carried out from under the stable core in
upslope flows that occur on the stable core’'s margins.
These flows are expected to be strongest on the east-
facing sidewall where the favorable azimuth and incli-
nation angles produce high sensible heat fluxes during
the inversion breakup period. No field studies have yet
been performed to observe upslope flows on both side-
walls of avalley during this period. Differencesin CBL
depth and potential temperature can be expected around
the basin periphery because of variations in slope in-
solation and, consequently, sensible heat flux—afeature
anticipated by Brehm (1986) for which no vertical struc-
ture observations are yet available. This concept is,
however, supported by temperature datalogger obser-
vations at the 1.4-m level on the Gruenloch sidewalls
(Whiteman et al. 2004a). Temperatures are often 2°-3°
warmer on the sunny sidewalls than indicated by con-
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current tethered balloon observations over the basin cen-
ter at the same elevation.

b. Comparative heat deficits

Whiteman et al. (1999b) compared observed near-
sunrise heat deficits at 30 sites in nine western U.S.
valleys and basins of different size. The deficits were
determined from single near-sunrise soundings using the
formulaD = 0.5pc,hA 6 = 0.5pc,yh?, wherep ismean
air density, h is inversion height, A6 is the potential
temperature difference between the valley floor and the
top of the inversion, and v is the mean potential tem-
perature gradient in the inversion. The heat deficit cal-
culated in this way is the amount of heat that must be
added to a sunrise sounding to remove the surface-based
inversion and attain a constant potential temperature
equal to the potential temperature at the top of the in-
version [this simplified formula differs from Eq. (1) by
not accounting for the change of volume with height in
valleys or basing]. They found that mean potential tem-
perature gradientsweretypically in therangefrom 0.020
to 0.035 K m~* and that heat deficits were generally in
the range from 2 to 6 MJ m~2. Similar calculations can
now be made for the small sinkhole basins. The Peter
Sink (9 September) had an extremely strong potential
temperature gradient (0.200 K m~1), but a depth of only
120 m, resulting in a heat deficit of 1.45 MJ m=2. The
Gruenloch (3 June) had a potential temperature gradient
of 0.108 K m~* and a depth of 120 m, resulting in a
heat deficit of 0.78 MJ m~2. Thus, these small basins,
despite having extreme potentia temperature gradients
when compared with a range of western U.S. valleys,
are seen to have relatively small heat deficits at sunrise
that can be overcome earlier by sensible heat flux when
the basinisilluminated after sunrise. Further, these com-
puted deficits, because they are cal culated without con-
sidering the confining topography, somewhat overesti-
mate the actual deficits.

c. Relationship between atmospheric heat budgets
and surface energy budgets

Destruction of a basin inversion requires that the air
within the basin be warmed to the potential temperature
of the air above the inversion. This warming through
the bulk of the basin cross section occurs primarily
through subsidence warming. The subsidence is a re-
sponse to the removal of air mass from the base of the
inversion by upslope flows above the heated sidewalls.
The upslope flows are driven by the convergence of
sensible heat flux that warmsthe shallow boundary layer
above the basin floor and sidewalls so that the air in
this layer becomes warmer than the air at the same level
over the basin center. Heating in the basin cross section
is thus driven by sensible heat fluxes on the basin floor
and sidewalls. In the following, we will use this con-
ceptual model of inversion destruction and our obser-
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vations of heat gainsin the basin atmospheresto roughly
estimate the components of the surface energy budgets
over the Peter Sink and Gruenloch basins and to com-
pare the surface partitioning of available energy into
latent and sensible heat fluxes in the two basins.

The surface energy budget is given by the equation

Qv+ Qs+ Qu+ Q=0 2

where Q, is net radiation, Qg is ground heat flux, Q,
is sensible heat flux, and Qg islatent heat flux. The sign
convention is such that fluxes are positive when directed
toward the soil-atmosphere interface, whether from the
soil or the atmosphere. This equation applies instanta-
neously and can be integrated over the time period of
inversion breakup to obtain

QN+QG+QH+QE201 (3)

where the tildes indicate the time integration.

Net all-wave radiation is approximately sinusoidal
and can be represented for a horizontal, nonshaded sur-
face as

Qu=Asn"t -t Wm?), @

where A isthe net radiation at solar noon, 7isthelength
of the daylight period, t is time, and tg; is the time of
astronomical sunrise. By integrating over the time of
the inversion breakup period we obtain

Qv =

oot -t @M, O

T T
wheret,,, isthe time of inversion breakup. For the Peter
Sink, no net radiation data were available on 9 Septem-
ber. The measured values on 12 September (Fig. 6a),
however, are a reasonable proxy for 9 September since
there was no precipitation in the intervening period and
the weather conditions were similar. From Fig. 6a, A ~
525 W m~2; from section 3a, the breakup interval on
9 September was t,, — tx = 2.6 h = 9360 s; and, from
a solar model for the date of 9 September, 7 = 12.7 h
= 45 600 s. Then Q,, evaluated from (5), is 1.55 MJ
m~2, For the Gruenloch on 3 June, A = 675 W m~2
(Fig. 6b), tgy, — tsr = 3 h = 10 800 s (section 3a), and
7= 156 h = 56 100 s (solar model), so that Q, =
1.91 MJI m~—2. These values of cumulative net radiation
are considered to be representative of the basin drainage
areas below 120 m ABE

The ground heat flux was not measured in either of
the basins, but is estimated from measurements made
in Colorado’s Brush Creek Valley in September 1984.
This valley is, like the Peter Sink, at a high elevation
and with similar soil characteristics. The average ground
heat flux in the 3-h period following sunrise at five
widely dispersed and representative sites there was
about 20 W m~2 (Whiteman et al. 1989b). The sign
indicates that, over this period, the net flux of heat is
from the ground toward the surface. This flux typically
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TasLE 1. Surface energy budget components and extraterrestrial
solar radiation (KL,,) asaccumulated over theinversion breakup period
(MJ m~2) for the Peter Sink (9 Sep 1999) and Gruenloch basins (3
Jun 2002). Also given is the Bowen ratio 8 (dimensionless).

Basin QN QG QH QE Re><t B= QH/QE
Peter Sink 155 019 -110 -064 284 1.75
Gruenloch 214 022 -045 -—-191 413 0.24

reverses near the end of this period as the ground begins
its daytime accumulation of energy. Using this value,
cumulative ground heat fluxes Q, for the Peter Sink and
Gruenloch basins would be 0.19 and 0.22 MJ m—2.

The cumulative heat gains in the basins up to 120 m
ABF and over the time from sunrise to breakup were
1.10 and 0.45 MJ m~2, respectively, for the Peter Sink
and Gruenloch (Fig. 7a). Since a basin atmosphere gain
represents a surface loss, Q,, is —1.10 and —0.45 MJ
m~2 for the respective basins. The cumulative sensible
heat flux determined from the atmospheric heat budget
in the Peter Sink can also be checked against the time-
integrated point measurement of sensible heat flux at
the basin floor on 12 September (Fig. 6a). The integra-
tion to cal culate the basinwide cumulative sensible heat
flux (say, Q1,) isaccomplished using Eq. (5) by replacing
Q. with Q;, and A with the extrapolated maximum value
of the measured sensible heat flux on the basin floor at
solar noon (~325 W m~2), and integrating from the
time of astronomical sunrise tg; rather than using the
delayed local sunrisetime at this site caused by shadows
cast from the surrounding ridgeline. We obtain Q| =
—1.25 MJ m~2, which compares reasonably well to Q,,.

Table 1 shows the resulting estimated energy balances
in the two basins from Eq. (3), where the latent heat
flux is computed as a residual. The partitioning of sur-
face heat fluxesis quite different in the two basins, with
the bulk of the available energy (Q, + Q) partitioned
into sensible heat flux in the Peter Sink and into latent
heat flux in the Gruenloch. The computed Bowen ratios,
that is, the ratios of sensible to latent heat fluxes, were
1.75 for the Peter Sink and 0.24 for the Gruenloch.
Shown for comparison in the table is the extraterrestrial
solar radiation as accumulated over the breakup period.
The sensible heat flux isabout 39% of the extraterrestrial
solar flux in the Peter Sink and 11% of the extraterres-
trial flux in the Gruenloch. The rough surface energy
balance is credible but, again, the unknown errorsin the
estimated terms should be emphasized (especially the
crude estimate of the Gruenloch soil heat flux) as they
will accumulate in the latent heat flux term, which is
calculated as a residual.

The fraction of the theoretical incoming (i.e., extra-
terrestrial) solar radiation at the inversion top that must
be converted to sensible heat flux to explain the ob-
served warming in the basins is not constant with time,
as shown in Fig. 9. Rather, it decreases with time for
both basins, and is initially much higher in the drier
Peter Sink basin than in the Gruenloch. Thus, the energy
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Fic. 9. Ratio of the rate of heat gain in the basin accumulated to
a height of 120 m (from Fig. 7b) and the theoretical solar radiation
as a function of time after sunrise for 3 Jun 2002 (Gruenloch) and 9
Sep 1999 (Peter Sink).

supplied by net incoming radiation initially goes mostly
into sensible heat flux but progressively goes more and
more into ground and latent heat fluxes.

d. Comparison of inversion breakup processes in
valleys and basins

The patterns of inversion breakup observed in thetwo
sinkhole basins are similar to those observed previously
in valleys having substantial valley wind circulations,
such as Colorado’s Eagle and Yampavalleys (Whiteman
1982) and Germany’sLoisach valley (Muller and White-
man 1988). This suggests that the essential features of
the inversion destruction pattern are independent of the
existence or nonexistence of valley winds. An early hy-
pothesis offered to explain the sinking of the top of a
valley inversion after sunrise was the draining of the
nocturnal valley cold air pool down the valley’s axis
after sunrise (Ayer 1961). The sinking of the top of the
inversions in the two sinkholes cannot be explained in
thisway, since the basins are confined volumesin which
no along-valley wind systems (i.e., drainage flows) were
present. The sinkhole data also provide additional ev-
idence to refute the hypothesis (e.g., Davidson and Rao
1963) that the sinking of the inversion top is caused by
turbulent erosion at the top of the cold pool. Inversions
in the sinkholes were destroyed after sunrisewhenwinds
above the cold pools were generally lessthan 1.5 m s—*
(Fig. 4).

The pattern-2 inversion breakup in the Gruenloch can
be compared with pattern-2 breakups that have been
previously observed in the Gore and Yampa valleys of
Colorado (Whiteman 1982) and with the partial data
from the snow-covered Gruenloch collected by Sauberer
and Dirmhirn (1954) that suggested a similar breakup
pattern. In the Gore and Yampa valleys, pattern-2 in-
version destructions were observed when snow cover
was present and the rate of input of sensible heat flux
to the valley atmosphere was small. The Gruenloch ob-
servations show that pattern-2 inversions also occur in
small basins and, in agreement with the valley obser-
vations, that they occur when sensible heat fluxes are
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small—in this case because most of the available energy
is partitioned into latent heat flux rather than sensible
heat flux. When the rate of input of sensible heat flux
is rapid, a pattern-3 inversion destruction is observed
in both valleys and basins.

6. Conclusions

The breakup of nocturnal temperature inversions has
been investigated in two, high-altitude, limestone sink-
holes or basins in the Rocky Mountains and Alps of
about 2 km? size. The two basins, the Peter Sink and
Gruenloch basins, respectively, were located in very
different climate settings. The Peter Sink had dry soil
and low atmospheric humidity, while the Gruenloch had
moist soil and high humidity. At sunrise, surface-based
inversions were 120 m deep in both basins, but the
potential temperature increase between the basin floor
and the inversion top was 24 K in the Peter Sink and
only 13 K in the Gruenloch.

The basin inversions were destroyed 2.6 and 3.0 h
after sunrise, respectively. This is a shorter time than
the 3.5-5 h reported for deeper valleys. The rapid break-
ups were attributed to the relatively small heat deficits
in the shallow basins at sunrise; these deficits can be
overcome earlier by sensible heat flux once the basin is
illuminated after sunrise. The time required to destroy
the inversions was nearly the same in the two basins,
despite the big difference in inversion strengths. Weaker
inversions develop overnight in the Gruenloch because
the rate of loss of sensible heat from the basin atmo-
sphere is reduced in the moist climate setting. The rate
of release of sensible heat flux after sunrise is also di-
minished, as much of the available incoming energy is
used to support evaporation. The weaker inversion and
the lower rate of input of sensible heat flux in the Gruen-
loch balance the stronger inversion and higher rate of
sensible heat flux in the drier Peter Sink, resulting in
similar inversion breakup times.

The rate of sensible heat flux input to the Peter Sink
atmosphere was estimated from observations of the
changes in atmospheric heat storage in the two basins.
When integrated over the inversion breakup periods, the
heat flux input to the Peter Sink atmosphere was 2.44
times greater than that to the Gruenloch atmosphere. A
rough estimate of the components of the surface energy
budget in the two sinkholes, obtained from measure-
ments and some simple assumptions, showed that the
two basins had quite different Bowen ratios, with the
predominant portion of the available energy going to
support evaporation in the Gruenloch and sensible heat
flux in the Peter Sink.

We have developed a conceptual model of basin in-
version breakup that emphasizes the cross-basin inho-
mogeneities and temporal evolution of boundary layer
structure that occur when sunlight moves progressively
down the east-facing sidewall as the sun rises above the
ridgeline east of the basin. The temperature structurein
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the remnants of the nocturnal inversion remains stable
and approximately horizontally stratified as a deeper and
deeper convective boundary layer develops over the
heated sidewall and gradually extends deeper into the
basin. A cross-basin flow develops to support the move-
ment of air up the heated sidewall. The inversion top
sinks as mass is removed from the valley by upsiope
flows in the developing convective boundary layer.

The patterns of inversion breakup found in the closed
and relatively stagnant basins are similar to those ob-
served previously inwell-drained valleys, adding to pre-
vious evidence that valley wind systems cannot be re-
sponsible for the breakup patterns and, specifically, for
inversion top descent. The inversion destruction pattern
in the Gruenloch basin has been seen previously only
in snow-covered valleys and appears to occur only when
the rate of input of sensible heat flux is weak.
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