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ABSTRACT

The evolution of potential temperature and wind structure during the buildup of nocturnal cold-air pools was
investigated during clear, dry, September nights in Utah’s Peter Sinks basin, a 1-km-diameter limestone sinkhole
that holds the Utah minimum temperature record of —56°C. The evolution of cold-pool characteristics depended
on the strength of prevailing flows above the basin. On an undisturbed day, a 30°C diurnal temperature range
and a strong nocturnal potential temperature inversion (22 K in 100 m) were observed in the basin. Initialy,
downslope flows formed on the basin sidewalls. As a very strong potential temperature jump (17 K) developed
at the top of the cold pool, however, the winds died within the basin and over the sidewalls. A persistent turbulent
sublayer formed below the jump. Turbulent sensible heat flux on the basin floor became negligible shortly after
sunset while the basin atmosphere continued to cool. Temperatures over the slopes, except for a 1-2-m-deep
layer, became warmer than over the basin center at the same altitude. Cooling rates for the entire basin near
sunset were comparable to the 90 W m~2 rate of loss of net longwave radiation at the basin floor, but these
rates decreased to only a few watts per square meter by sunrise. This paper compares the observed cold-pool
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buildup in basins with inversion buildup in valleys.

1. Introduction

Atmospheric structure in valleys during clear, undis-
turbed nighttime periods is strongly affected by the
along-valley wind system. Asthe air in the valley cools
to temperatures below that of the air at the same ele-
vation farther down the valley or over the adjacent plain,
adown-valley wind isinitiated. Air that is cooled within
avalley and carried down the valley by thiswind system
must be replaced by potentially warmer air that sinks
into the valley from above. The warm sinking air acts
as a brake on the down-valley wind system and reduces
the nighttime cooling in the valley. In contrast in en-
closed basins, the lack of an along-valley wind system
with its associated sinking of warmer air allows the
basin air to cool morerapidly. Thus, basinsare generally
found to have minimum temperatures lower than those
experienced in adjacent or nearby valleys. Although this
much is known about basins, there have, to date, been
few observational studies in enclosed basins to inves-
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tigate the processes responsible for the high rates of
nighttime cooling in topographic situations in which
along-valley winds play little or no role in slowing the
cooling.

Current theory of cold-pool formation in valleys and
basins (e.g., Geiger 1965) emphasizes the role of long-
wave radiation loss and the downward flux of sensible
heat from the overlying atmosphere to counter thisloss.
This produces a cold-air layer over the slopes, which
subsequently drains downslope into the nascent cold-
air pool, causing it to grow and cool. Previous research
has been conducted to determine the causes of extreme
minimum temperatures in basins, particularly in regions
plagued by intense frost damage. Sauberer and Dirmhirn
(1954, 1956), for example, investigated minimum tem-
peratures and the changing atmospheric temperature
structure in Austria’'s Gstettner-Alm sinkhole where
flows within the sinkhole were weak and the prevailing
synoptic winds did not penetrate into the cold pool.
Other investigations in Japan (Magono et al. 1982;
Yoshino 1984; Maki and Harimaya 1988; Mori and Ko-
bayashi 1996; lijima and Shinoda 2000) described the
cooling of basins, attempted to resolve the processes
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that contribute to the formation of cold-air pools, and
studied the seasonal variation in cold-pool character-
istics. Because the basins were not sufficiently enclosed,
advective effects complicated the results and made it
difficult to identify the major cooling processes. Several
studies have focused on the heat budgets of basins dur-
ing nighttime (Maki et al. 1986; Kondo et al. 1989;
Whiteman et al. 1996). Whiteman et al. (1996) found
stronger down-valley flows than expected in Colorado’s
Sinbad basin, which is drained by a narrow canyon. The
heat budget there was complicated by the difficult-to-
measure advection terms and could not be successfully
closed. They concluded that strong (but unmeasured)
downward turbulent heat fluxes produced by shear in
the downslope flows on the sidewalls may have been
responsible for the imbalance. Model simulations by
Fast et al. (1996) supported this view.

This paper describes a short field campaign in a
small, topographically simple basin to document the
evolution of basin temperature and wind structure dur-
ing the nighttime cold-air-pool buildup period under
conditions in which the cooling is not suppressed by
along-valley flows. The basin chosen, the Peter Sinks
basin of Utah, holds the extreme minimum temperature
record for Utah (—56°C) and has produced the second
coldest temperature recorded in the contiguous United
States (Pope and Brough 1996). The basin was chosen
because the extreme cold temperatures recorded there
suggested that it is a good example of a closed basin
in which along-valley winds are absent. The explor-
atory campaign was designed to determine whether this
is the case by observing the evolution of the vertical
atmospheric structure in the basin with the goal of
making an initial evaluation of the physical mecha-
nisms that lead to the cold-air pools and low minimum
temperatures. Analyses of our field campaign data call
into question many of the tenets of the current theory
of cold-pool formation and raise some interesting re-
search questions that will require additional field stud-
ies and model simulations.

This study isfocused on gaining a better understand-
ing of the development of cold poolsunder almost ideal
topographic conditions in which the complicating ef-
fects of advection are minimized. One motivation for
the investigation is the expectation that a better general
understanding of cold-pool evolution may have im-
portant practical implications for the forecasting of
cold-pool formation and dissipation, one of the more
difficult forecasting problems in the western United
States (Smith et al. 1997). There, and in many other
parts of the world, cold pools are responsible for many
wintertime and nighttime air-pollution episodes (e.g.,
Allwine et al. 1992), producing persistent cold weather
events that, when accompanied by clouds, drizzle, and
light rain, have important effects on visibility and pro-
duce significant adverse effects on transportation and
health.
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2. Experimental site, instrumentation, and design
a. Experimental site

The site chosen for the experiments was the Peter
Sinks basin of northern Utah (Fig. 1). The basin, a 1-
km oval-shaped limestone sinkhole, has afloor elevation
of 2500 m, is surrounded by higher terrain of approx-
imately 150-m relief, and, because it is located on the
crest of the Bear River Range, has a particularly simple
drainage area. There are no major tributary valleys, but
the basin has two lobes. Experiments were conducted
in the northernmost lobe. Slopes surrounding the basin
are relatively uniform. The eastern slope has an angle
of about 11°, the northern slope is about 13°, and the
western slope is about 28°. Vegetation in the basin is
sparse, because it is grazed in the summer by cattle and
sheep. Vegetation type depends primarily on slope as-
pect. The eastern slope contains mostly short grasses
(<0.5 m) and sagebrush (~0.75 m). The northern slope
supports a sparse distribution of sagebrush and small
shrubs (<0.5 m). The lower half of the western slope
contains medium-sized talus; short conifers grow on the
upper two-thirds of this slope. The basin floor has short
grasses (<0.1 m) and bare soil. Conifers are found on
the basin crest. As noted by investigators for other sink-
holes (e.g., lijima and Shinoda 2000), there is a distinct
““vegetation inversion” in the basin, with no trees at the
lowest elevations. Soil type depends on location but
generally consists of loose clay and sandy alluvium.

The Peter Sinks basin is completely enclosed to an
atitude of 35 m above the basin floor (Fig. 2). Above
this elevation there are open gaps on the basin’s pe-
riphery. The lowest gap, to the south of the basin, is
the pass between the two lobes of the basin. A low
saddle, 55 m above the basin floor, is present on the
eastern slope. The drainage area within the basin as a
function of height (Fig. 3) was determined by plainmeter
from a 1:24 000 map of the basin by tracing the contours
enclosed within the basin boundary shown in Fig. 1b.
Cummulative basin volume as a function of height was
obtained by summing the volumes of atmosphericlayers
between terrain contours calculated as the volume of
the frustum of a cone. The total drainage area of the
basin is 2.25 km2 and the total volume is 0.25 km?3. At
the average crest height, h, = 88 m (Fig. 2), thedrainage
area A, (h.) is 1.9 km2 and the volume v(h,) is 0.1 km=.

b. Description of experimental periods

A meteorological field campaign was conducted in
the Peter Sinks from 8 to 12 September 1999. This
period had no precipitation, clear nights (daytime cu-
mulus only on 9 and 10 September), very dry soil con-
ditions with much dust on the dirt roads, low atmo-
spheric moisture contents, and no fog or dew. Three
experiments were conducted during this period. Exper-
iment 1 (EXP1), which had the most ideal synoptic con-
ditions, took place on the evening of 8 September and
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Fic. 1. Experiment location in northern Utah. Topographic features are shown by (@) the 3D wire-frame plot and
(b), (c) two topographic maps. Experimental sites are shown in (c). The basin periphery is indicated (thick black line)

in (b). The black dot is the starting point for the plot of ridge-crest elevation in Fig. 2.



JUNE 2003
w s E N
2700 200
2650 150 €
a 8
w
2600 /f\ 100 @
S sl [ [AmisN] ®
5 i \ 8
® 74 <
o : i £
N LN =
20 A . EastSaddle 0 3
| SouthGap
2500 Basin Rloormiiy, 0
0 1 2 3 4 5 6

Distance Along Basin Perimeter (km)

Fic. 2. Ridge-crest elevation as a function of distance counter-
clockwise around the basin periphery along the thick black line in
Fig. 1b. The dashed line is the mean crest height h,.

continued until midmorning the following day. A weak
upper-level (500 hPa) ridge situated over the western
United States allowed for clear skies and light crest-
level winds (<3 m s~*) during this experiment. Routine
Salt Lake City, Utah, rawinsonde soundings taken 140-
km south-southwest of the Peter Sinks indicated that
during EXP1 the 700-hPa winds (approximately 500 m
above the basin floor) were light and from the northwest.
Astronomical sunset and sunrise occurred at 1849 and
0601 mountain standard time (MST) during EXP1; local
sunset and sunrise times varied with location in the ba-
sin.

Experiment 2 (EXP2) took place during the evening
of 10 September but was halted when winds at crest
level increased to 5-6 m s~* and the cold pool dissipated
prematurely as the ridge weakened and a weak, fast-
moving short-wave trough passed to the north of Utah;
700-hPa winds were southwesterly before the trough
and shifted to northwesterly by the morning of 11 Sep-
tember.

Experiment 3 (EXP3) was conducted during the even-
ing and morning transition periods of 11-12 September,
although no observations were taken in the middle of
the night. The inversion formed somewhat later in the
evening than normal because of gusty, daytime winds,
but these winds decreased as evening progressed. EXP3
was influenced by alarge-scale 500-hPatrough centered
over the Midwest; 700-hPa winds remained from the
northwest but dropped below 4 m s—* and became west-
erly by the morning of 12 September.

c. Instrumentation

Instrument locations are shown in Fig. 1c; further
details on the sites, instruments, and instrument char-
acteristics are provided in Table 1. The instrumentation
was installed primarily on the eastern and northern
slopes; the steep western slope was not instrumented
because of poor access. The instrumentation included
three tethersondes, nine meteorological towers, three
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Fic. 3. Basin drainage area and volume as a function of elevation.
The dashed line is the mean crest height h,.

temperature masts, and a surface energy budget station
consisting of a net radiometer and a 3D sonic anemom-
eter. The tethersondes were arranged along the fall line
of the eastern slope, with two on the slope and one on
the basin floor at the foot of the slope. The meteoro-
logical towers were located on lines running up both
the eastern and northern slopes. An additional tower was
placed on the pass between the two lobes of the sinkhole
to determine whether cold-pool mass was exchanged
between the two lobes. Twelve-meter masts equipped
with thermocouples were placed on both the northern
and eastern slopes. A shorter 4-m thermocouple mast
was placed in a small sinkhole on the basin floor to
measure the coldest temperatures in the sinkhole. The
surface energy budget station was installed on the basin
floor near the tethersonde. Instrument locations were
selected primarily to document the evolution and spatial
variability of the temperature and flow fields and to
characterize the flows that enter the cold pool from the
slopes.

Several limitations of the instruments must be men-
tioned. Because the tethered balloon is used as a wind
vane to sense wind direction and the sonde is flown
about 2 m below the balloon, the wind direction data
come from a different height than the other meteoro-
logical variables (including wind speed) sampled by the
sonde. In addition, because the rigging of the balloon
does not allow the sonde to be brought closer than 2 m
to the ground, the lowest 2 m of the basin atmosphere
is not sampled by the tethersondes. The threshold speed
of the tethersonde's 3-cup anemometer is 0.25-0.30 m
st (C. Quire 2002, personal communication). The



VOLUME 42

JOURNAL OF APPLIED METEOROLOGY

756

‘UBAIB SI AJeunade Uey) Jayrel uoisioald -
'666T doS QT UO uonisod paredipul WoJj W 06~ JO aoueisip [euoziioy e adojsdn parow 81 Jomoy q

"666T 095 OT UO UOoNISod paredlpul Woly W G~ JO S0UeISIp [eluoziioy e ado[SUMop paAOW 9 JBMO] «

BPWo

uw T payioads 10u O +-s W -Ipel 18U /40 Ul ‘Sg3Y Uelewow M.62L0ETTT
€2 UWOT/ZH 0T $00F =N "N 't swzo0F =N -8Ue 9IUos £1¥SD “ou| "PS |pgdwed 0052 ‘N..88VS. TV loojj useg 193
/86 M.2890E.TTT
'G9'/ '8T°G '09°'C '88'0 ‘2G50 uw Ss T 2.£0F = 1 so|dnodowsy) teuesuoo—eddoD  zese ‘N,990°GS. Tt adofs yuoupin - ENL
50T M.TS90E.TTT
TV’ 2§V '¥0'C ‘Lv'0 ‘'T0 uwgs T 0.0+ = 1 so|dnodowsy) teuesuoo—eddoD  0£Se ‘N.OVL 7S, T adofs 1Se9pIN - ZINL
M. TE0TETITT
G'€ ‘T2 '80 €0 uwgs T 0.0+ = 1 so|dnodowsy) teesuoo—eddod  9/172 ‘N.G6.L VST sy uis  TINL
WEF = HY pUe ‘D.L0F 00S-SD “ou| 105 [padure)d ‘HY/L M.BEVTETTT
8T = HY/L 'SE = AMSM Uwgs g =1 '%6F AM TS W G0+ = SM ‘T00E "00 BUNOA "IN "H :AMSM  SESZ NV ST def yinos 6L
WEF = HY pUe ‘D.L0F 00S-SD “ou| 105 [padue)d ‘HY/L a295¢ M.ES90ETTT
8T = HY/L 'SE = AMSM uwgs g =1 '6F AM TS W G0+ = SM ‘T00€ "00 BUNoA "IN "d :AMSM  S¥SZ ‘N.9OT'GG.Ty  @dojs yuou-rddn 8L
WEF = HY pUe ‘D.L0F 00S-SD “ou| 105 [padure)d ‘HY/L M..890E,TTT
8T = HY/L 'SE = AMSM Uwgs g =1 '6F AM TS W G0+ = SM ‘T00E "00 BUNOA "IN "d :AMSM  ¥ESZ ‘N,990°GS. Tt adojs yuoupi L
WEF = HY pUe ‘D.L0F 00S-SD “ou| 105 [padue)d ‘HY/L /052 M. ¥690E.TTT
8T = HY/L 'SE = AMSM Uwgs s =1 '6F AM TS WG0F = SM ‘T00E "00 BUNoA "IN "d :AMSM BTS2 ‘N.986' 7S, Ty 2do[s yuou-emo- 9L
WEF = HY pUe ‘D.L0F 00S-SD “ou| 105 [padure)d ‘HY/L M.80S0E.TTT
8T = HY/L 'SE = AMSM Uwgs g =1 '6F AM TS W G0+ = SM ‘T00E "00 BUNOA "IN "H :AM/SM  SSSZ ‘N,999 VS, Tt adofs 1see-do. SL
WEF = HY pUe ‘D.L0F 00S-SD “ou| 105 [padure)d ‘HY/L M.0SS0E.TTT
8T = HY/L 'SE = AMSM Uwgs g =1 '6F AM TS W G0+ = SM ‘T00E "00 BUNOA "IN "d ‘MM [¥SZ ‘N.,60L ¥S.TY adojs 1see-leddn a0
WEF = HY pUe ‘D.L0F 00S-SD “ou| 105 [padure)d ‘HY/L M.TS90E.TTT
8T = HY/L 'SE = AMSM U gs S =1 '6F AM TS W G0+ = SM ‘T00E "00 BUNOA "IN "H :AMSM  TESZ ‘N.OVL ¥S.TY adofs 1seapIN €L
WEF = HY pUe ‘D.L0F 00S-SD “ou| 105 [padure)d ‘HY/L M.LZL0ETTT
8T = HY/L 'SE = AMSM Uwgs g =1 '6F AM TS W G0+ = SM ‘T00€ "00 BUNoA "IN "H :AM/SM  0TSZ ‘N,OT8 VSTt adofs 1ses-JeMmo ZL
8T = Hi/L %EF = HY pUe '0.20F = 1L OSP-dINH “2U| 'e[eseA ‘HY/L M.88L0ETTT
‘€ = AMSM uwegs s 'G¥ = AM t-SWTTO0F =SM  'Vr20/VrT0 "ou| SUO-BIN :AMSM 0052 ‘N.,628 7S, Tt looy useg TL
GF = AM pue
TSWG0F =SM ‘%E F = M, T29'0E,TTT
— SOT oHY edU T+ = od ‘DG0F = ol dS-VS-dS1 8puosieyel oul ‘dIV  6ESC ‘N,LEL VST adofs 1see-leddn  £S1
SGF = AM pue
T SWG0F =SM ‘%E F = M.099°0E.,TTT
— SOT oHY ®BdU T+ = od ‘DS0F = oL dS-VS-dS1 8puosieyel oul ‘YIV - TZSE ‘N, TEL VST adofs 1SB9pIN ZSL
GF = AM pue
TSWG0F =SM ‘%E F = M.8.9°0E,TTT
— SOT oHY edU T+ = od ‘DG0F = ol dS-VS-dS1 8puosieyel oul ‘dIvV 0052 ‘N, 268 7S, T looyyuseg  TSL
(M1ov w) awn Buibelone uosioaid 1o AJeindoy [ppow/adAl Juswnisu| (Isww)  (uw ‘) uo/e uo(e207] al
BBy usWNISU| /Burdues uoiers |3

“UONJBUIP PUIM S| M PUE ‘PaSds PUIM S| S
‘Alpiwny sl SI HY ‘@inssald si d ‘anjesedwal S1 | ‘949 'SUOITED1}1090S JUsSLUBINSEaW pue ‘UoIfeIusWinIsul ‘suoileoo] (s@|) suoireolnuapl alis ‘T 318V ]



JUNE 2003

threshold speed (0.45 m s—*) and height (3 m) of the
anemometers at the meteorological stations generally
proved unsuitable for measuring the weak and shallow
nighttime downsl ope flows above the basin slopes. Also,
the lowest thermocouple on mast TM2 could not be
shielded because of its proximity to the ground (0.1 m);
all of the other thermocoupl es were enclosed in radiation
shields.

Tethersonde sensors and mast thermocouples were
calibrated before the experiment. Thermocouple tem-
peratures agreed within 0.15°C, and the sonde temper-
atures were within a range of 0.25°C. Because of this
good agreement, no corrections were applied to data
from the individual sondes. Field intercomparisons of
the sondes were made before each experiment. During
instrument takedown on 12 September 1999, a com-
parison of average temperatures between T3 and one
thermocouple from TM2 collocated in the radiation
shield of T3 showed identical values.

d. Tethersonde sounding procedures

Tethersonde soundings were conducted simultaneous-
ly at the three sounding sites, and the slow ascents were
coordinated by radio from the central receiving location
at which data from all three sondes were logged. The
time interval between soundings was varied depending
on the observed rates of change in wind and tempera-
ture, for example, as short as 20 min in the early even-
ing. The balloons were retrieved rapidly at the conclu-
sion of the ascents, and the down-soundings were not
used in subsequent analyses. At the ground, the sondes
were allowed to equilibrate fully with the ambient air
before the next ascent.

In the following section, the bulk characteristics of
the cold-pool structure are investigated for the three
subexperiments. This will be followed by a section in-
vestigating the detailed evolution of wind and temper-
ature structure for the best undisturbed night, EXP1.

3. Evolution of bulk cold-pool structure on three
nights

a. Bulk cold-pool characteristics

Temperatures from the five towers on the eastern side-
wall (T1-T5) are shown in Fig. 4a for the entire ex-
perimental period. Figure 4b shows the corresponding
wind speed at T5, near the eastern gap. This site is the
highest site having continuous wind data but does not
necessarily sample the generally stronger winds above
the basin, especially once the cold pool forms in the
basin. Figure 4c presents the corresponding net radiation
and sensible heat flux data collected at the basin floor.
Temperatureinversions (Fig. 4a) formed regularly inthe
basin. The strongest inversion and smoothest cycle of
cooling observed during the experimental period oc-
curred during the night of 8-9 September (EXP1). At
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the basin floor, T1 experienced a diurnal temperature
range of nearly 30°C on this night, when winds at T5
were generally below 1 m s~*. The diurnal temperature
range decreased with elevation in the basin, with the
uppermost tower (T5) experiencing an 18°C temperature
range. The temperature difference between the T5 and
T1 towers, which are 55 m apart in elevation, reached
16°C at sunrise. On the night of 9-10 September, cool-
ing at al elevations was much reduced when winds
above the basin became stronger (reaching over 3ms-1*
at T5). Intermittent warming events occurred at al el-
evations in the basin as the warmer temperatures aloft
were mixed downward. During the night of 10—11 Sep-
tember (EXP2), an inversion that began to build up
during the evening broke around midnight when strong
winds (reaching over 4 m s—* at T5) mixed warmer air
downward into the basin. On the night of 11-12 Sep-
tember (EXP3) a strong inversion similar to that of
EXP1 formed in the basin, although its initiation was
delayed by about 1 h by strong afternoon winds. The
winds reached 10 m s * at T5 in midafternoon but
dropped below 2 m s=* by astronomical sunset.

Net radiation and sensible heat flux on the basin floor
followed a regular pattern of behavior from night to
night (Fig. 4c). Sensible heat flux was generally 0 during
the nights, except for a period from 0300 to 0630 MST
on 11 September when winds a oft broke into the basin,
producing heat fluxes that dropped to —60 W m~2, and
a period each evening between local sunset and astro-
nomical sunset (about 1700-1849 MST) when fluxes
reached from —20 to —30 W m~2. This latter period
corresponded to the time during which downslope flows
were strongest at the foot of the basin slopes. Near-zero
sensible heat fluxes at night are not unexpected, because
they have been reported by Whiteman et al. (1989, 1996)
and Kondo et al. (1989) for other basins. Net radiation
fell rapidly at local sunset, reaching its minimum of —80
to —90 W m~2 by astronomical sunset and then in-
creasing slowly to about —60 W m~2 by astronomical
sunrise. Previous investigators have found somewhat
weaker nighttime net outgoing radiation in other lower-
elevation basins and valleys under similar synoptic con-
ditions (Whiteman et al. 1996; lijima and Shinoda
2000).

The slow nighttime increase in net radiation is caused
by the changing balance between the outgoing flux,
which decreases as the ground surface cools, and the
downward radiative flux, which comes from the warm
sidewalls and the sky and which decreases at a slower
rate during the night. The downward radiative flux is
enhanced by the warm air mass at the top of the de-
veloping cold pool. The contribution to the downward
radiative flux at the basin floor from the relatively warm
sidewalls and warm air mass at the top of the basin cold
pool is much greater than the contribution that would
be received from a less obstructed sky, such as that
found higher in the basin.

The evolution of the vertical structure of potential
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temperature and wind over the basin center during the
cold-pool formation period is shown for selected sound-
ings at approximately hourly intervals for each of the
three experiments in Fig. 5. The vertical potential tem-
perature profilesin all three experiments evolve follow-
ing the schematic diagram of Fig. 6 in which a cold-
pool stable layer (CPSL) forms at the basin floor (see,
e.g., the 1806 and 1844 MST soundings for EXP1 in
Fig. 5) and deepens with time while its stability de-
creases slightly. The upward growth of the CPSL is
rapid and its maximum depth stabilizes early in the
evening while the air within the CPSL continues to cool
through the remainder of the night. At the same time,
a temperature jump or capping inversion layer (CIL)
forms and strengthens above the CPSL. The two layers,
together, make up the cold-air pool (CAP), that is, the

pool of cold air enclosed by the basin terrain. The
strengthening of the CIL is a consequence of the more
rapid rate of cooling at the base of the CIL inside the
basin relative to the slower rate of cooling at itstop in
the free atmosphere above the basin. The different signs
of the stability trends in the CPSL and CIL cause a
characteristic **blufflike’” shape of the potential tem-
perature profiles.

Some distinct differences in wind and temperature
profile evolution occur in the different experiments (Fig.
5). In EXPL, the temperature profile shows a dramatic
cooling in the lowest 70-80 m during the cold-pool
formation period, and the wind speeds are very light
within that layer (<1 m s-*). The CAP iswell defined,
with a CPSL extending to 75 m and a strong CIL ex-
tending from 75 to 120 m above ground level (AGL).
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FiG. 5. Vertica profiles of potential temperature, wind speed, and wind direction at site TS1 on the basin floor for selected times (MST)
during each of the three experiments.

The bluff structure is best seen in the late evening and
early morning profiles (i.e., 2156 and 0505 MST). In
contrast, EXP2 initially had strong winds (~4-6 ms—1)
that were clearly mixed down into the basin from above
the basin. The winds in the basin soon settled to ap-
proximately 1 m s=* within the building stable layer.
EXP2 did not cool as dramatically during the evening
(Fig. 4) as the other two experiments did, was lacking
the well-defined bluff structure of EXP1, and showed
a slower increase in inversion top height with time dur-
ing the buildup phase. In EXP3, temperatureswere cold-
er than the previous night and more cooling was ob-
served aloft than in EXPL and EXP2. Gustiness and
wind direction shifts occurred through the depth of the
basin initially, but later in the evening (2057 MST) the
gustiness diminished and flowswithin the CPSL became
very light (<1 m s-1). By 0523 MST, the top of the

CPSL approached the 60-m level and was surmounted
by a CIL that extended to approximately 140 m.

b. Changes in heat storage in the basin atmosphere

The decrease in basin atmospheric heat storage Sfrom
an initial adiabatic profile (potential temperature 6, =
constant) in late afternoon per unit of basin horizontal
area can be calculated for a given vertical profile of
potential temperature 6(2), as follows:

f%mm%—MMMam
™ ®

where c,, is the specific heat of air at constant pressure,
p(2) is the air density, A(2) is the basin drainage area,

S:

(I m3),



760

Stability
increasing

Height Above Basin Floor (m)

FiG. 6. Schematic diagram of the buildup of the CAP over the basin
center during the evening transition period. The CAP is composed
of two sublayers, the CPSL and the CIL. The black dots indicate the
top of the CPSL at each sounding time. Dashed lines are potential
temperature profiles, where 6, is the well-mixed | ate-afternoon sound-
ing and 6 is the sunrise sounding.

and potential temperature is assumed to be horizontally
homogeneous within the basin. For the three experi-
ments, S has been calculated numerically for each of
the soundings at site TS1. The integrations were made
to a height of h = 120 m because this level remains
above the major cooling that takes place in the basin.
The basin drainage area at this height is A, = 2.17 km?
(see Fig. 3). The integrations were performed using 10-
m height intervals, and the constant potential temper-
atures and times of the initial afternoon soundings were
estimated from surface temperature data and the first
afternoon soundings for each of the three experiments.
The potential temperatures and times for EXP1, EXP2,
and EXP3 were 313.6 and 1730, 313.3 and 1700, and
308.3 K and 1845 MST, respectively.

The loss of heat from the basin atmosphere began
between 1700 and 1900 M ST in the three experiments,
accumulating to values of about 1 MJm~2in EXP1 and
EXP3 by sunrise. During the windy night of EXP2, the
cumulative loss was a linear function of time through
about 2100 MST at the rate of 27 W m~2. An increase
in the rate of loss began after thistime, but observations
were ended soon thereafter. In EXP3, the growth of the
cold pool was delayed by strong afternoon winds and
the rates of loss were erratic throughout the evening,
averaging 45 W m~2. The loss of heat from the basin
during EXPL1 is thought to be most representative of a
“pure”’ basin cold-pool formation on a night with weak
winds aloft. The heat-loss values in Fig. 7a for EXP1
were fitted with a third-order polynomial curve, which
was differentiated to obtain the curve for the rate of

JOURNAL OF APPLIED METEOROLOGY

VOLUME 42
12
(a) h=120m
1.0 O
N
a 0 EXP1 ||

o Exp2 ||

o 08
3
ui| & ExPs

"o /{fzf
02 = A4, .
o.o——ogé): ‘

100

®)

E 60 }'\\ {
2 w0 ™
® 20 ,' \\ ‘\\
e — S
0
16 20 24 04 08 12

Time (MST)

Fig. 7. (8) Cumulative loss of heat storage S from the basin at-
mosphere (MJ m~2) for the three experiments as computed to a height
of 120 m from TS1 potential temperature soundings (see text). Also
shown is a third-order polynomial fit to the EXP1 data. (b) Rate of
loss of heat storage S' (W m~—2) for EXP1 as obtained by differen-
tiating the fitted curve in (a). Also shown is the rate of net radiative
loss at the surface —Q* during EXP3.

heat loss in Fig. 7b. The rate of loss decreased during
the night from 83 W m~2 at local sunset to values less
than 10 W m~2 after midnight. The rates of loss of
sensible heat from the basin’s atmosphere are surpris-
ingly large in the early evening, approaching the rate
of outgoing net radiation near the surface. Net outgoing
radiation was not measured during EXP1, but it is ex-
pected to be similar to EXP3, for which the radiative
loss increased from O at 1745 MST to 90 at 1900 MST
and then decreased to 60 W m~2 by midnight.

4. Cold-pool buildup during EXP1

In the previous section, selected potential temperature
profiles from the basin center were used to illustrate the
bulk evolution of the basin cold pool during the three
experiments. In this section, detailed temperature and
wind structure data from the three tethersonde sites for
EXP1 are presented to devel op athree-dimensional con-
ceptual picture of the temperature and wind structure
leading to cold-pool formation on this “‘ideal” night,
which had weak background winds at ridge level. Se-
lected data are also shown for EXP3 for which addi-
tional research equipment was operational and back-
ground winds, although stronger than in EXP1, were
not as strong as during EXP2.

a. Potential temperature structure

The series of potential temperature soundings for
EXP1 at the three tethersonde sites are presented in Fig.
8. The soundings show the strong nighttime cooling of
the basin volume at all three sites and, with it, the de-
velopment of a CIL, and a CPSL that extends down to
the underlying basin floor or slope. A 5-25-m-deep tur-
bulent sublayer occurs just below the CIL in the upper
part of the CPSL. This turbulent sublayer, containing
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Fic. 9. Concurrent vertical potential temperature profiles from the three tethered balloon sites for selected sounding times during EXPL.

superadiabatic lapse rates, is a remarkable and unex-
pected finding that has not been previously reported.
Elevated superadiabatic (SA) sublayers are rarely seen
in atmospheric soundings, and one is present here in a
basin cold pool—one of the most stable temperature
structures on the earth. The stacked combination of CIL,
SA, and CPSL produces distinctive S-shaped defor-
mationsin the profiles over the basin floor and sidewalls.
A fourth layer, a 30-m-deep, strong stability sublayer
of the CPSL seen right at the basin floor, disappears
after the 2024 M ST sounding. It is present only on the
basin floor and does not extend high enough to be seen
at sidewall sites TS2 and TS3. The temperature structure
of the CIL and its height abovethe basin floor are similar
at the three sites, indicating that the atmosphere is ap-
proximately horizontally homogeneous from sidewall to
sidewall in this structural layer. The strongest cooling
of the basin atmosphere is initially seen at the basin
floor, but this cooling does not progress slowly upward
as would be expected if cold air were converging over
the basin floor. Rather, the height of the CIL base seems
to be fixed very early in the sounding sequence and to
change little with time.

Although the potential temperature structure above
and within the CIL is horizontally homogeneous across

the basin, significant horizontal differences in potential
temperature and potential temperature gradient develop
during the night below the base of the CIL, which is
located about 65 m above the basin floor. These are seen
most readily in Fig. 9, in which selected potential tem-
perature profiles are plotted so that all three soundings
at a given time are on the same panel. Potential tem-
peratures above the sidewalls become progressively
warmer than the air over the basin center and the vertical
temperature gradient becomes weaker than in the same
layers above the basin center. By sunrise, potential tem-
perature differences reach 5 K. This relative warming
of theair over the sidewallsis one of the most surprising
features of the observations. A temperature deficit above
the sidewalls (along with its associated negative buoy-
ancy and horizontal pressure gradient) is a necessary
condition to produce the downslope flows (Wagner
1938; Magono et al. 1982; Doran and Horst 1983; Yosh-
ino 1984) that are required for the slope-flow conver-
gence theory of cold-pool buildup. Because the teth-
ersondes were unable to make temperature readings
within 2 m of the ground, thermocouple mast data at
TM2 during EXP3 were investigated to determine if a
temperature deficit was present at lower layers over the
slope (Fig. 10). (TM2 was not installed for EXP1 but
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Fic. 10. Time series of (a) temperatures for EXP3 at the indicated altitudes above the eastern
sidewall at TM2 and (b) the temperature difference between the 2.04- and 0.1-m levels.

was availablefor EXP3.) In conformance with the EXP3
tethersonde measurements, an approximately isothermal
layer was observed above the slope between 2 and 10
m AGL, but also seen was a drop of temperature be-
tween the 2.04- and 0.1-m levels. This drop, initially
7°C in the early evening, decreased to 4°C by sunrise.
Because the effective radiating temperature of the
ground is expected to be below the air temperature at
0.1 m, we might expect air temperatures to be even
lower closer to the ground. Comparison of the 0.1-m
air temperature with the TS1-measured temperature over
the basin center during EXP3 showed that the 0.1-m
temperature was always at or below the temperature at
the same height over the TS1 site. Thus, another sur-
prising thing about the basin is that the temperature
deficit above the slope is found only in the lowest 2 m
AGL.

b. Wind structure

Vector winds for EXP1 are plotted in Fig. 11 on a
time—height cross section, with heights plotted above
ground level (left-hand scale of figure) and above mean
sea level (MSL; right-hand scale) for each of the three
sites. Winds were similar at al three sites above 2700
m MSL (not shown). Lines on the subfigures indicate
boundaries between the CPSL, CIL, and free atmo-

sphere as determined from the temperature structure,
and shading identifies wind speeds =0.4 m s~ and the
SA sublayer. The top of the CIL, defined as the maxi-
mum height to which perceptible cooling extended
above the basin, corresponds approximately to the high-
est elevations on the basin’s periphery. Winds a oft were
weak and variable in direction during the night, ex-
ceeding 3 m s~* only at the higher altitudes just before
sunrise. Asthe static stability increased within the basin
(especially inthe CIL), thewindsin the CPSL fell below
0.4 m s~* and became variable in direction.

The base of the CIL (Fig. 11), which corresponds to
the top of the near-calm winds within the basin, was at
approximately the same MSL height at all three sites,
although it was slightly lower over the basin center at
night and higher during the evening and morning tran-
sition periods. The CIL, considered as a temperature
transition layer between the CPSL and the free atmo-
sphere above the basin (section 3a), is also awind tran-
sition layer, connecting the weak winds inside the basin
to the stronger free tropospheric winds above the basin.
The depth to which winds aloft penetrated downward
into the high-stability CIL is somewhat surprising. This
is not truly a downward penetration, however, because
the CIL cannot be expected to extend outside the basin,
and the atmosphere surrounding the basin had free tro-
pospheric winds that could have been carried horizon-
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FiG. 11. Time-height cross sections of vector winds at 5-m height intervals from tethered balloon

soundings at sites (top) TS3, (middle) TS2, and (|

bottom) TS1 during EXPL1. Vector length indicates

wind speed (see scale in legend); vector orientation indicates the wind direction at the time and

height corresponding to the center point of the

vector. A vector pointing straight up indicates a

wind blowing from south to north, a vector pointing to the right blows from west to east, etc.
Wind speeds less than or equal to 0.4 m s~ have light gray shading; vectors are omitted when
speeds are 0 m s~*. The dark gray shading indicates the superadiabatic sublayer. The boundaries
between the CPSL and CIL (thin lines on the three subfigures), and the CIL and the free atmosphere

(thick line on TS1 panel) are also shown.

tally into the CIL, especially through the gaps into the
basin at the higher elevations (Fig. 3).

The downslope flowsthat form inside the basin during
the first few hours of the buildup period are now ex-
amined. The downslope wind components (i.e., com-

ponents of the measured wind speeds along the 135°
fall line of the eastern slope) are shown in Fig. 12 for
the three tethersonde sites for soundings made from
1844 to 2024 MST. Southwesterly to northerly winds
that were mixed down from above the basin were pre-
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Fic. 12. Vertical profiles of (left) the downslope wind components at the TS1, TS2, and TS3 tethersonde sites and (right) potential
temperatures at TS1 at 1844, 1912, 1935, and 2024 MST for EXPL.

sent in the basin before this time period, and winds over
the slope and within the cold pool became very weak
afterward. When interpreting the tethersonde observa-
tions, it is important to keep in mind that the lowest-
elevation wind directions (speeds) sensed by the teth-
ered balloons were 4 m (2 m) above the slope sites.

During the early cold-pool buildup period, very shal-
low (<10 m) and weak (<0.5ms1) jet likewind layers
formed immediately above the eastern slope. There was
a short period (1912 MST) when the flows became
stronger and more energetic as a downslope surge oc-
curred with peak velocities of 1.6 ms~* at TS2 and 0.9
m st at TS3. At the time that these downslope flows
were present on the sidewall, observations over the ba-
sin center (shaded profilesin Fig. 12) showed air flowing
into the cold pool from the sidewall in an elevated,
shallow (10—20 m) layer just above the top of preex-
isting surface-based stable layers that are shown in the
corresponding potential temperature profiles of Fig. 12.
The peak slope flow at 3 m AGL (24 m above the basin
floor) at TS2 was approximately at the same height as
the flow found at 22 m over the basin floor at TS1 (Fig.
12). These shallow downslope-directed jetswere present
at the same time at al tethersonde sites, and the height
of the jet profile rose above the basin floor as the stable
layer on the basin floor grew deeper. Thisrise in height
(seen by tracking the shaded profiles) suggests that the
flows coming off of the sidewall became detached from
the sidewall and ran out over the basin center when they
reached the elevation of the top of the strong stability
layer. The flows over the slopes decreased significantly
in depth and strength at 1935 and 2024 MST and were
too light to be measured with the tethersondes and slope
towers after that time; observers on the slopes, however,
reported very light downslope flows in the lowest meter
or two above the slope, with speeds, determined by
throwing dust into the air and timing its movement, of
0.2-0.3 ms.

With respect to the theory of cold-air-pool growth by
the convergence of downslope flows, it must be rec-
ognized that the observed slope flows were fully con-
tained within the CPSL and, thus, are not evidence for
mass coming into the cold pool from slopes that are
above the cold pool. Thus, their presence does not sup-
port the convergence theory. However, the (weak) tur-
bulence in the downslope flow layer within the CPSL
may enhance the sensible heat flux to the underlying
slope, thereby cooling the air above the slope.

5. Discussion

This discussion will be focused primarily on the
EXP1 cold-pool buildup period, because there are many
surprising features there that can be contrasted with the
better-known temperature-structure evolutioninvalleys.
First, however, one of the initial goals of the experi-
mental design was to determine whether the basin has
an effective along-valley wind system or, alternately, is
connected to its surroundings by advection. Observa-
tions in the lowest outlets (T5, East Saddle, and T9,
South Gap) indicate that there was little transport near
the surface out of the basin. In addition, the extremely
weak horizontal winds within the basin show advection
into the basin from its surroundings to be weak. The
lowest elevations in the basin are effectively isolated
from the assuredly warmer air at the same elevations
surrounding the basin. However, at the upper elevations
of the basin, it is likely that cold air produced inside
the basin may drain out of the basin through the gaps,
requiring a sinking of warmer air into the upper basin.
Although this flow could not be measured, the base of
the CIL (~65 m above the basin floor) attains a height
that may represent an equilibrium between the sinking
of air into the basin and the flow of cooled air out of
the basin gaps that is controlled by the vertical distri-
bution of the cross-sectional area of the basin openings
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(seeFig. 3). If thisisthe case, theloss of cold air through
the basin openings may be partly responsible for the
decrease in the rate of basin cooling with time during
the night.

The structural layers within the basin cold pool are
particularly interesting, because they are so different
from previous reports of temperature structure in val-
leys. The CIL is a particularly interesting feature. Val-
leys do not exhibit such temperature jumps at the top
of nocturnal inversions but, rather, the temperature in-
creases with height to approach asymptotically the free
air temperature above the valley (an exception occurs
in winter when strong warm-air advection occurs above
a cold pool confined within avalley). The elevated tur-
bulent or SA sublayer found at the top of the CPSL has
already been mentioned as an apparently unique feature
of basin meteorological behavior that has not, to our
knowledge, been previously observed. Thisshallow lay-
er is persistent and occursin aregion in which horizontal
winds are very weak. Because no strong gradients in
wind direction or speed occurred across thislayer at any
of the three tethersonde sites, we can reject the hy-
pothesisthat thislayer was produced by differential tem-
perature advection, which would have required warm-
air advection at the base of the layer and cold-air ad-
vection at its top. The wind data do not support the
hypothesis that the SA sublayer is a zone in which
downslope flows leave the sidewalls and converge over
the basin center to cause the cold pool to grow (nor do
we see such alayer in the CIL above). The variation in
depth and strength of thislayer from sounding to sound-
ing is reminiscent of the statistical sampling problem
experienced when making profiles of the entrainment
zone at the top of an unstable boundary layer. In the
case of the basin, the turbulent layer could be produced
by ‘‘negative’’ convection in which cold air forms at
the top of the CPSL and convects downward into the
underlying CPSL, with a consequent overturning of the
air in this layer. Such behavior would cause an upward
turbulent flux of heat out of the top of the CPSL and
could help to explain the continuous net cooling of the
CPSL during the night.

Winds aloft have a strong impact on the evolution of
the cold pool. As evidenced by extensive wind-scoured
snow fields and large cornices in the lee of the East
Saddle still present during the summer, the basin, on the
crest of a high-mountain barrier, is usualy affected by
strong winds and the resulting turbulence and wave mo-
tions produced by the terrain on the basin’'s ridgelines.
On the windiest night (EXP2), which likely reflects
much calmer conditions than those typically present in
the basin, the slow and regular increase in depth of the
cold pool, the absence of a well-marked temperature
jump at the inversion top, and the near-constant rate of
heat loss (Fig. 7) are in contrast to the other, nearly
calm, nights. These windy night features are similar to
patterns of inversion growth in valleys with moderate
or strong along-valley winds (Vergeiner and Dreiseitl
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1987; Whiteman 1990). The slower growth of the in-
version top and lower rate of heat loss may be caused
by the strong winds stripping cold air off of the higher-
elevation slopes or by turbulent erosion at the cold
pool’s top; the near-linear shape of the temperature pro-
files within the inversion could be produced by shear
and mixing, which would enhance the downward tur-
bulent heat flux at the basin floor and sidewalls.

Some interesting questions arise in regard to the rate
of cooling of the air in the basin relative to the measured
net radiation and sensible heat flux. Especially puzzling
is how the basin atmosphere could be cooling at a rate
in the early evening that is similar to the rate of loss of
longwave radiation at the surface (Fig. 4). Radiative
cooling of the basin volume, after all, would require a
radiative flux divergence, not simply a surface radiative
flux, and radiative flux cannot be expected to fall to zero
at the top of the basin atmosphere. Thus, turbulent sen-
sible heat flux must play an important role during this
early part of the cold-pool buildup period. This hy-
pothesis is supported by the observation that sensible
heat flux is significant in the early buildup period on
the basin floor (Fig. 4).

Except for a shallow skin flow on the sidewalls, the
slope flows essentially die within about 2 h after the
inversion buildup begins. Thus, the cold-pool buildup
in the Peter Sinks does not fit the conceptual model that
nighttime cooling and inversion buildup comefrom cold
air that forms on the slopes, drains into the basin, and
converges over the basin bottom. The progressive
warming of the air over the sidewalls relative to the
temperatures over the basin center explains why the
downslope flows end. The near-neutral temperature
structure that devel ops over the sidewalls cannot be pro-
duced by heating at the ground or by mixing due to
shear, because the sidewall is not heated at night and
there is essentially no wind or shear stress above the
sidewall. It might, therefore, be produced by negative
convection and overturning by a source of cooling at
the top of the neutral layer, which could aso explain
the decreasing ambient stability over the basin center.

6. Conclusions

Thebuildup of cold-air poolsinasmall, high-altitude,
mountain basin was investigated using data collected
during three clear September nights. The small, enclosed
Peter Sinks basin was chosen for the experiments to
minimize the effects of advection. In valleys, down-
valley flows and compensatory subsidence and warming
greatly complicate the interpretation of atmospheric
mass and heat-budget computations. As expected, under
clear skies and weak synoptic flow, the strong nighttime
stability and the weak horizontal flows inside the basin
isolated the basin from the surrounding ambient envi-
ronment.

The basin cooled quickly each night, producing
strong temperature inversions that were confined within
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the 150-m relief of the basin. The temperature and wind
structure evolution in the basin varied from night to
night, depending on the strength of the winds above the
basin. Strong winds at crest level delayed cold-pool for-
mation and, on one night, eroded an already-formed cold
pool by turbulent mixing.

The cold pool developed fully in depth within 2-3 h
following sunset. While the free air above the basin
cooled very little the air within the basin continued to
cool throughout the night. The potential temperature
profiles maintained atwo-layer cold-air pool structure—
a lower cold pool stable layer that was capped by an
extremely stable capping inversion layer. In the upper
part of the CPSL just below the CIL, a 5-25-m-deep,
elevated, turbulent sublayer developed and persisted for
the entire night. At first, downslope flows became de-
tached from the sidewalls and ran out over the basin
center on top of ashallow stable layer in the lowest tens
of meters above the basin floor. These flows ceased
about 2 h after sunset, and winds in the entire basin
became too weak to measure accurately. After the CPSL
grew to nearly the effective height of the basin (~88
m), its growth ceased, presumably because air cooled
within the basin flowed out of the lowest-altitude gaps
as the cold pool deepened.

Cold-pool buildup in the Peter Sinks did not fit the
usual conceptual model of cold-pool formation in val-
leys and basins in which the cold pool deepens as cold
air running down the sidewalls converges within the
pool. New results from the Peter Sinks basin experi-
ments include the following:

» The formation of a persistent, elevated, turbulent or
superadiabatic sublayer within one of the most stable
atmospheric structures on the earth, abasin cold pool,
is very surprising. We hypothesize that this layer is
produced by negative convection or overturning by a
source of cooling at the top of the layer.

» Another surprising result, not previously documented
in other shallow basins, is that the air over the basin
sidewalls gradually became warmer (1-5 K) than the
air over the basin center at the same altitude during
the night. Only in a 1-2-m-deep layer adjacent to the
ground is the air above the slope colder than the air
at the same level over the basin center. The relatively
warm air over the slopes does not support the contin-
ued development of downslope flows, amajor link in
the slope-flow convergence theory of cold-pool build-
up.

» Downslope flows played only a minor role in the for-
mation of the cold-air pool. The flows over the side-
walls became extremely weak (~0.2 m s—*) and shal-
low (~1 m) within 2 h after sunset, leading to a stag-
nant basin cold pool that, nonetheless, continued to
cool for the rest of the night.

* Heat loss from the basin atmosphere on an undisturbed
night is at an initial rate that is close to the net rate
of longwave loss at the surface, but it decreases with
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time through the night. Rates of heat loss from the
basin atmosphere were lower on windier nights.

 During periods of weak synoptic-scale flow, the sur-
rounding terrain minimizes advective interactions be-
tween the basin and the ambient environment. The
continued nighttime cooling of the basin atmosphere
must be attributed to turbulent sensible heat flux di-
vergence, radiative flux divergence, or a combination
of the two. Turbulent sensible heat flux was significant
on the basin floor during a 1.5-h period around sunset
but became zero shortly thereafter as downslope flows
(and, hence, turbulence) ceased on the basin sidewalls,
suggesting that turbulent sensible heat flux divergence
is supplanted by radiative heat flux divergence later
in the cold pool.

Further analyses of the experimental data, collection
of additional data, and radiative and dynamic model
simulations will allow a more detailed diagnosis of the
physical processes contributing to the heat and mass
budgets of the Peter Sinks. We plan to use radiative
transfer modeling in future analyses to investigate the
relative roles of turbulent sensible heat flux divergence
and radiative flux divergence for the heat budget of the
Peter Sinks basin.
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