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ABSTRACT

Persistent midwinter cold air pools produce multiday periods of cold, dreary weather in basins and valleys.
Persistent stable stratification leads to the buildup of pollutants and moisture in the pool. Because the pool
sometimes has temperatures below freezing while the air above is warmer, freezing precipitation often occurs,
with consequent effects on transportation and safety. Forecasting the buildup and breakdown of these cold pools
is difficult because the interacting physical mechanisms leading to their formation, maintenance, and destruction
have received little study.

In this paper, persistent wintertime cold pools in the Columbia River basin of eastern Washington are studied.
First a succinct meteorological definition of a cold pool is provided and then a 10-yr database is used to develop
a cold pool climatology. This is followed by a detailed examination of two cold pool episodes that were
accompanied by fog and stratus using remote and in situ temperature and wind sounding data. The two episodes
illustrate many of the physical mechanisms that affect cold pool evolution. In one case, the cold pool was formed
by warm air advection above the basin and was destroyed by downslope winds that descended into the southern
edge of the basin and progressively displaced the cold air in the basin. In the second case, the cold pool began
with a basin temperature inversion on a clear night and strengthened when warm air was advected above the
basin by a westerly flow that descended from the Cascade Mountains. The cold pool was nearly destroyed one
afternoon by cold air advection aloft and by the growth of a convective boundary layer (CBL) following the
partial breakup of the basin stratus. The cold pool restrengthened, however, with nighttime cooling and was
destroyed the next afternoon by a growing CBL.

1. Introduction

A cold pool is a topographically confined, stagnant
layer of air that is colder than the air above. Cold pools
can be characterized as diurnal, forming during the
evening or night and decaying following sunrise the next
day, or as persistent, lasting longer than a normal night-
time temperature inversion. Diurnal cold pools are sur-
face-based stable layers that are a common fair weather
feature of valley and basin meteorology. Their depth
and strength depend largely on the characteristics of the
surrounding terrain and the synoptic weather situation.
Persistent cold pools are temperature inversions that oc-
cur primarily in winter when the daily cycle of sensible
heating and convection are insufficient, either because
of cloudiness or seasonal reductions of sensible heat
flux, to destroy the stable layer on a daily basis.

Since a cold pool is stably stratified and the winds
within the pool are weak, air pollution or moisture emit-
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ted into the cold pool undergo very limited dispersion,
sometimes leading to severe air pollution episodes.
When stratiform cloudiness develops within cold pools,
prolonged periods of relatively cold, dreary weather can
occur. Liquid precipitation falling into a subfreezing
cold pool produces freezing rain or drizzle, with atten-
dant disruption of transportation and other human ac-
tivities. Cold pools can also lead to delays in the melting
of snow and the breakup of ice on rivers. The breakup
of persistent cold pools is particularly difficult to fore-
cast and is considered one of the most challenging fore-
cast problems in complex terrain areas of the United
States (Smith et al. 1997).

In this paper, we investigate the evolution of two
persistent cold pools that formed in the Columbia River
basin of eastern Washington in December of 1998 and
January of 1999 using analyses of meteorological data
from both operational and research instrumentation.
These episodes were the two major cold pool events of
the winter of 1998/99 and they illustrate different pro-
cesses of formation and destruction of cold pools in this
basin. A companion paper (Zhong et al. 2001) utilizes
a mesoscale numerical model to investigate the January
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episode further. In section 2, we provide a brief sum-
mary of previous research on persistent wintertime cold
pools. Section 3 describes the research sites and mea-
surements, section 4 the climatology of cold pools in
the Columbia basin, and section 5 two cold pool epi-
sodes in the Columbia basin. This is followed, in section
6, by a further discussion of several aspects of the anal-
yses. Conclusions are presented in section 7.

2. Previous research

While the evolution of diurnal cold pools has received
a great deal of study (see the review by Whiteman 1990),
the evolution of persistent cold pools has received little
research attention despite their frequent occurrence in
valley and basin settings in many parts of the world.
The serious logistical problems encountered in running
wintertime field studies, the difficulty and expense of
making frequent vertical soundings through the cold
pool with the requisite resolution of temperature and
wind structure near the top of the pool, and limitations
on modeling imposed by the need for high vertical res-
olution of the shallow slope flows and processes taking
place in the upper cold pool have all contributed to this
situation. It is only recently that suitable remote sensing
instruments have become available and computer power
and model formulations have been improved so that the
processes affecting persistent cold pools can be studied
in depth.

Air pollution problems in cold pools that form in the
basins of Slovenia and Croatia have been widely rec-
ognized and studied (Petkovs̆ek 1978, 1980, 1992;
Vrhovec 1991; Vrhovec and Hrabar 1996), although no
data are yet available on the evolution of vertical wind
and temperature structure during the cold pool episodes.
In wintertime, these basins are often capped by low
clouds that decrease insolation and cause cold air pools
to last for many days (Petkovs̆ek 1974). Vertical sound-
ings of diurnal cold pools that form in Austria’s Gstett-
ner-Alm sinkhole were made in Europe as early as 1953
with the aid of a resistance thermometer carried aloft
by a tethered balloon (Sauberer and Dirmhirn 1954).
The cold pools that form there lead to wintertime tem-
perature minima that can reach 2508C. These extreme
temperatures are reached overnight in the small basin
when the ground is covered by snow and the sky is
clear. The extreme cooling is produced by longwave
radiation loss following an early drainage of cold air
into the basin from the surrounding sidewalls on the
previous afternoon.

In the United States, persistent midwinter cold pools
are known to form over the Colorado Plateau (Whiteman
et al. 1999a) under clear or partly cloudy conditions
following arctic air intrusions or simply following clear
nights when cold air drains into the basin from sur-
rounding mountain areas. Convective boundary layers
warm the base of the cold air pool during daytime but
the wintertime heating is often insufficient to break

through the deep pool. The pool strengthens or weakens
as weather systems pass through the Southwest with
their associated warm and cold air advection above the
pool and as daytime convective boundary layers and
nighttime stable boundary layers modify the base of the
pool. Strong temperature jumps can be produced above
cold air pools when warm air advection occurs aloft.
These jumps, particularly evident above narrow con-
fined topography, have been reported above the Grand
Canyon (Whiteman et al. 1999b).

Persistent stagnation episodes in the Great Basin of
the western United States are related to cold pool for-
mation and have been studied climatologically using
rawinsonde and other data (Wolyn and McKee 1989;
Savoie and McKee 1995). Some of the cold pool or
stagnation events in this large intermountain area are
produced by flow blocking upstream of the Rocky
Mountains (Mayr and McKee 1995). The flow can be-
come unblocked rather abruptly by passing short-wave
troughs.

The Columbia basin is intermediate in scale between
the small Slovenian, Croatian, and Austrian basins and
the larger Colorado Plateau and Intermountain basins.
The present paper includes a brief discussion of the
differences between the cold pools that form in the Co-
lumbia basin and the Colorado Plateau.

3. Sites and measurements

The Columbia basin (Fig. 1) of eastern Washington
and Oregon is located between the Cascade and Rocky
Mountains. The basin is in the form of a saucer tilted
downward to the southwest with its lowest point in the
Pasco, Washington, subbasin. The Columbia River
leaves the Pasco subbasin by flowing southeastward and
then turning abruptly westward through a narrow defile
(the Wallula Gap) into the upper end of the Columbia
Gorge, located on the boundary between the states of
Washington and Oregon. The Pasco subbasin is the
scene of persistent cold pool episodes each winter. In
these episodes, cold air remains trapped in the basin,
usually accompanied by fog and stratus clouds. The
prediction of the buildup and breakup of the Columbia
basin cold air pool is one of the most difficult forecast
problems in the region—a problem exacerbated by the
lack of routine upper air soundings in the basin.

In the winter of 1998/99, meteorological research in-
struments were installed and operated in the Pasco sub-
basin to provide temperature and wind profiles to sup-
plement existing networks of routinely operated mete-
orological stations and to provide, for the first time,
definitive observations of the Columbia basin cold pool.
The instrumentation is described below; instrument sites
are shown in Fig. 2.

First, a five-beam, 915-MHz radar wind profiler
(RWP) with a radio acoustic sounding system (RASS)
was operated at the Hanford Meteorological Station
[HMS, 223 m above mean sea level (MSL)] in the Pasco
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FIG. 1. Plan map of the Pacific Northwest, showing the Columbia basin on the east side of the Cascade Mountains.
The upper part of the figure presents a three-dimensional view of the Pasco subbasin showing the locations of
Rattlesnake and Gable Mountains and the Hanford Meteorological Station (HMS). The dashed line shows the domain
of Fig. 2.

subbasin. The RWP reported vertical profiles of mean
horizontal wind every half hour as averaged over 100-
m elevation intervals and over 20-min averaging periods
from 10 to 30 min and from 40 to 60 min after each
hour. The RASS reported vertical profiles of virtual tem-
perature every half hour, as averaged over 100-m range
gates and over 10-min averaging periods from 0 to 10
min and from 30 to 40 min after each hour. The accuracy
of radar profiler winds and RASS virtual temperatures
are reported to be 61 m s21 and 618C (Furger et al.
1995).

Second, two lines of Hobot temperature dataloggers
(Onset Computer Corp., Bourne, MA) were placed on
the steep, northeast-facing slope of Rattlesnake Moun-
tain (1074 m MSL) and on the east-facing slope of Gable
Mountain (332 m MSL). These slopes are uniform sur-
faces containing no major tributaries, with no forested

areas, and with a surface cover of natural grasses and
shrubs. Rattlesnake Mountain is located at the end of a
long ridge called the Rattlesnake Hills that extends
southeastward into the Columbia basin from the Cas-
cade Mountains (Fig. 1). Gable Mountain, a short, east–
west ridge, is located in the interior of the Pasco sub-
basin north of Rattlesnake Mountain near the Columbia
River (Fig. 1). The 11 dataloggers on the Rattlesnake
Mountain and the 3 dataloggers on the Gable Mountain
lines (see Fig. 2) were generally spaced at 100-m ele-
vation intervals. The lowest datalogger on each moun-
tain slope was located close to the mountain base in a
river valley (Yakima River for Rattlesnake Mountain
and Columbia River for Gable Mountain). The data-
loggers were exposed on steel fence posts with their
thermistors 1 m above ground level inside 6- or 12-plate
radiation shields. The loggers sampled and stored tem-
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FIG. 2. Plan view of the Pasco subbasin domain indicated in Fig.
1. Shown are the major topographic features and the instrument sites.
The filled dots are the HMMN stations, the dark lines on Rattlesnake
and Gable Mountains indicate the mountainside lines of temperature
dataloggers, and HMS indicates where the radar wind profiler, RASS,
122-m instrumented tower, and manned weather station were located.
The lines labeled with times (LST) indicate frontal positions at 15-
min intervals on 25–26 December 1998 as a pseudo–warm front
passed across HMMN, destroying the Columbia Basin cold pool.

perature readings every 5 min. Laboratory investiga-
tions of the accuracy (60.48C), resolution (0.018C), and
time constants (122 s) of the temperature dataloggers
have been reported by Whiteman et al. (2000). When
used in the field, the thermistor sensors are subject to
additional inaccuracies that depend on their exposure to
solar and terrestrial radiation and wind speed. The
thermistor sensors were exposed in R. M. Young Model
41301-5 nonaspirated radiation shields. These and sim-
ilar shields have been extensively tested (Gill 1983, or
the references in Whiteman et al. 2000). The root-mean-
square temperature excess in this shield for solar radi-
ation of 1080 W m22 is expected to be 0.48C in 3 m s21

winds, 0.78C in 2 m s21 winds, and 1.58C in 1 m s21

winds. In our winter experiments the solar radiation
loading of the shields was low, but winds within the
pool were also weak.

Third, data were collected from a preexisting oper-
ational network (the Hanford Meteorological Monitor-
ing Network, HMMN) of meteorological sensors located
on 30 10-m towers that were distributed within a 55-
km radius of HMS (Fig. 2). All of the network stations
reported 15-min averages of temperature, wind, pres-

sure, and precipitation data. Four of these stations also
reported relative humidity data. Temperature and rela-
tive humidity data are from a height of 2 m, while wind
data are from 10 m.

Fourth, 15-min-average temperature and wind data
were obtained from a 122-m tower at HMS. Temperature
measurements were made at the 0.9-, 9.1-, 15.2-, 30.5-,
61.0-, 76.2-, 91.4-, and 121.9-m levels. Wind measure-
ments were made at the 9.1-, 15.2-, 61.0-, and 121.9-
m levels. The foot of this tower is at 223 m MSL.
Calibrations are maintained on the tower so that tem-
perature data are expected to be accurate to 0.28C; hu-
midity accuracy is about 5%. This tower was within 400
m of the radar wind profiler–RASS, providing data be-
low the first range gates of these two remote sensing
instruments.

Finally, hourly surface observations (including cloud
observations) were made at HMS, which was staffed 24
h per day on weekdays and 8 h per day on weekends.

4. Climatology of the Columbia basin cold pool

Because no rawinsonde stations are located in the
lower Columbia basin (the nearest is at Spokane, WA,
205 km NE of Pasco at an elevation of 728 m, 505 m
higher than HMS), we used data from surface meteo-
rological stations to develop a climatology of cold pools.
This was done using hourly data from two surface sta-
tions: one on the summit of Rattlesnake Mountain (gen-
erally above the cold pool) and one from HMS (near
the base of the cold pool). We examined data for the
months October through March for the period from 1
January 1989 through 31 March 1999. A persistent cold
pool was considered to be present in the lower Columbia
basin if 1) a temperature inversion was present between
the two sites, 2) wind speeds at HMS were below 3.1
m s21 (7 mph), and 3) these conditions persisted for 18
h or more. This last criterion effectively removed di-
urnal cold pools from the climatology. The results were
as follows: 120 persistent cold pool events occurred over
the 1989–99 period, with durations between 18 and 103
h (median duration 28.5 h). The mean number of per-
sistent cold pools per month and mean duration are
shown in Fig. 3. From the figure, cold pools are clearly
a midwinter phenomenon, with the peak frequency of
occurrence in December and January. Many cold pool
episodes persist for less than 24 h but, in many instances,
two or more cold pools form successively, being sep-
arated by short pauses when the cold pool criteria are
not met either because of a temporary decrease in at-
mospheric stability or an increase in surface winds. In
these cases, an observer in the cold pool might consider
the cold pool to have a longer duration than indicated
by the climatology. The cold pool episodes to be dis-
cussed in this paper occurred during a winter with a
relatively small number of cold pools (one in October,
five in December, and three in January) and, except for
January, below-average durations.
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FIG. 3. (a) Mean monthly number and (b) duration of cold pools
in the lower Columbia basin, based on data from Oct through Mar
for the period from 1 Jan 1989 through 31 Mar 1999. Cold pools
occur when the Rattlesnake Mountain temperature equals or exceeds
that at HMS, HMS winds are less than or equal to 3.1 m s21 (7 mph),
and these conditions prevail for 18 h or more.

TABLE 1. Cold pool number and mean duration in h (table cell entries separated by a comma) in the period from 1 Jan 1989 through 31
Mar 1999 for various temperature difference and wind speed criteria. TRAT 2 THMS is the temperature difference criterion between Rattlesnake
Mountain and HMS; ws is the wind speed criterion at HMS. The criteria chosen for our reported climatological results are set in boldface.

TRAT 2 THMS (8C) ws # 2.2 (m s21) ws # 3.1 (m s21) ws # 4.0 (m s21) ws # 4.9 (m s21) ws # 5.8 (m s21)

$23.33
$22.22
$21.11

$0.00
$1.11
$2.22
$3.33

215, 30.1
167, 30.4
129, 30.7

93, 31.3
60, 30.5
40, 28.4
26, 26.6

290, 34.8
208, 35.7
157, 35.2
120, 34.6

81, 31.7
58, 28.1
37, 26.3

324, 36.9
230, 37.4
169, 37.3
125, 37.1

85, 34.4
58, 31.1
40, 27.7

333, 37.6
236, 38.0
175, 37.5
128, 37.4

88, 34.4
59, 31.4
40, 27.9

338, 38.1
241, 38.0
176, 37.7
128, 37.8

88, 34.8
60, 31.6
40, 28.1

The temperature difference and wind speed criteria
used to define a cold pool are somewhat arbitrary, given
the nonideal locations (i.e., elevations) of the HMS and
Rattlesnake Mountain stations. The mountain site (1074
m MSL) may be well above the basin temperature in-
version top when inversions are shallow, and the HMS
site (223 m MSL), located on a small plateau, often has

higher temperatures and wind speeds than would be
experienced under inversion conditions at lower ele-
vations near the Columbia River. For this reason, the
number of cold pool cases and their mean duration are
presented in Table 1 for alternate choices of temperature
difference and wind speed criteria. The number of cases
and the mean duration are affected only slightly by
changing the wind speed criteria, but are rather sensitive
to the temperature difference (atmospheric stability) cri-
teria.

5. Two cold pool episodes

a. 24–26 December 1998

An arctic cold front moved through the Columbia
basin on 19 December 1998 ushering in a cold northerly
flow that continued through 23 December and filled the
Columbia basin with cold air. Minimum temperatures
in the Columbia basin fell from 08 to 258C on 18 De-
cember to 2158 to 2208C on 23 December. A weak
upper-level short wave turned the flow aloft from north-
erly to westerly late on 23 December, and on 24 De-
cember a strong Pacific low pressure system approached
the Pacific Northwest coast. An associated warm front
moved northward along the Oregon coast the afternoon
of 24 December with warm air advected in advance of
this front over the Columbia basin. A variety of pre-
cipitation types were observed in the basin during this
warm advection period including rain, freezing rain, and
snow.

The destruction of the cold pool was accomplished
as a pseudo–warm front traveled northeastward across
the Pasco subbasin at a speed of approximately 10 km
h21 between 2300 LST 25 December and about 0200
LST 26 December. Isochrones of the frontal positions
at 15-min intervals are shown in Fig. 2. Fifteen-minute-
average surface winds behind the retreating cold air
were generally west-southwesterly at 10 or 12 m s21.
Before the frontal passage, temperatures over the sub-
basin were around 278C, with temperatures on Rattle-
snake Mountain near 08C. Following the frontal passage,
temperatures warmed to 78C and, with the weakly stable
atmosphere that prevailed after the frontal passage, Rat-
tlesnake Mountain had cooler temperatures (again,
about 08C) than the stations on the basin floor. The
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FIG. 4. Sequence of 850-hPa analyses for the Dec 1998 cold pool
episode, at (a) 0400 LST 25 Dec, (b) 1600 LST 25 Dec, and (c) 0400
LST 26 Dec. An 3 marks the location of HMS on each chart. (From
National Climatic Data Center.)

frontal positions, analyzed from wind speed and direc-
tion shifts and temperature gradients, remained parallel
to the mountain ridgeline on the southwest edge of the
basin as it traveled across the basin (Fig. 2), suggesting
that the flow over Rattlesnake Mountain and its ridgeline
extension to the SE plays an important role in organizing
the frontal passage across the basin floor. Also seen in
the frontal analysis was the trapping of cold air at the
lowest elevations in the Yakima and Columbia valleys,
with the warmer air simply overrunning the shallow cold
air remnants. This feature of cold pool destruction has
been previously observed by forecasters at HMS (P. J.
Perrault 1999, personal communication).

The interesting synoptic environment leading to the
destruction of the Pasco subbasin cold pool by the slow-
ly moving pseudo–warm front will be discussed by ref-
erence to 850 hPa (Fig. 4) and surface (Fig. 5) charts,
as well as to time series of weather observations at HMS
and Rattlesnake Mountain (Fig. 6). A high in the south-
western United States continued to support ridging over
the Columbia basin at 0400 LST on Christmas morning,
but a deep trough was approaching Washington from
the west (Fig. 4a). By 1600 LST, a closed low developed
over the northern Puget Sound and 850-hPa tempera-
tures over the Pasco subbasin had warmed from 238 to
08C. The pressure gradient tightened both south and east
of the low pressure center, supporting strong southeas-
terlies over the subbasin and strong westerlies over the
Columbia Gorge (Fig. 4b). By 0400 LST on 26 Decem-
ber, the low had moved eastward across the Columbia
basin, filling, and forming a short-wave trough in central
Montana (Fig. 4c). Cold air advection along with some
weak nighttime cooling after the clouds dissipated
caused the 850-hPa temperature over the Pasco basin
to drop back to 238C.

Because the basin cold pool was destroyed between
the 12-hourly upper air sounding times, sea level pres-
sure analyses at 1900, 2200, and 0100 LST (Fig. 5) are
used to gain further insight into the cold pool destruction
process. At 1900 LST (Fig. 5a), a surface low that trailed
the eastward-moving upper-level disturbance was in the
Puget Sound area. A surface low pressure center began
to develop in the Columbia basin as the upper-level
disturbance crested the Cascades, and strong southerly
winds were found in eastern Oregon south of the Pasco
subbasin. By 2200 LST (Fig. 5b), the surface low east
of the Cascades had deepened and moved farther east-
ward to the Spokane area as the upper-level disturbance
passed. Winds shifted to the west in northern Oregon,
bringing warm marine air up the Columbia Gorge while,
in the upper gorge, winds strengthened and began to
shift to the southwest, carrying air over the Horse Heav-
en Hills and the Rattlesnake ridge into the low pressure
center in the Columbia basin. The destruction of the
cold pool in the Pasco basin occurred during the brief
time when these winds shifted across the Rattlesnake
ridge, producing their strongest cross-ridge component
and producing strong downslope winds on the lee or
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FIG. 5. Sequence of sea level pressure analyses for the Dec 1998
cold pool, at (a) 1900 LST 25 Dec, (b) 2200 LST 25 Dec, and (c)
0100 LST 26 Dec. A 1 marks the location of HMS. Sea level pressure
is contoured at 2-hPa intervals, with the last two digits shown. The
station model includes temperature and dewpoint in 8C and winds in
m s21, with a single barb indicating 10 and a half barb indicating 5
m s21.

FIG. 6. Time series of meteorological variables at Rattlesnake
Mountain (black lines) and HMS (gray lines) for the Dec 1998 cold
pool. Shading indicates the cold pool period.

northeast side of the mountain. The cold air in the basin
was carried northeastward by the descending winds,
with mixing enhanced by shear at the cold pool interface
in the pseudo–warm frontal zone. By 0100 LST (Fig.
5c), cold pool destruction was nearly complete in the
Pasco subbasin, winds coming over the Rattlesnake
ridge were shifting into a more westerly direction and,
farther north, stronger west winds were bringing warm
marine air through the mountain gaps over the Cascade
Mountains and down the lee side of the Cascade Moun-
tains. Cold air at the northern end of the Columbia basin
did not mix out until later when these west winds be-
came stronger. Moses Lake, 110 km north of Pasco, did
not experience the rapid warming until 0700 LST 26
December.

Figure 6 shows time series of surface temperature,
solar radiation, wind direction, wind speed, pressure,
and relative humidity at HMS during the entire cold
pool episode and, for comparison, temperature, wind
direction, and wind speed at the summit of Rattlesnake
Mountain. The buildup of the cold pool was produced
by a strengthening southwest wind above the basin that
began in the late evening of 23 December (Figs. 6c and
6d) and produced warm air advection aloft (Fig. 6a).
This warming, when combined with a nearly constant
temperature at the floor of the partly cloudy basin, which
received little insolation (Fig. 6b), produced a basin
temperature inversion and cold pool by noon on 24 De-
cember. Winds at the basin floor were below 3.1 m s21
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FIG. 7. Evolution of vertical temperature and wind structure as the
Columbia basin cold pool is destroyed by a pseudo–warm front pas-
sage on 25–26 Dec 1998 at (a) 1800, (b) 2100, (c) 0000, and (d)
0525 LST. The RASS curve (solid circles) is virtual temperature;
other curves are temperature (Rattlesnake, square; Gable, circle; tow-
er, 3). The open arrowheads are surface wind vectors on Rattlesnake
Mountain, gray vectors are tower winds, solid vectors are RWP winds.
Conversion of virtual temperature to actual temperature requires hu-
midity measurements, which were unavailable. The maximum cor-
rection, obtained by assuming a relative humidity of 100%, would
decrease the RASS curve between 0.38 and 1.48C, with the largest
correction at the warmest temperature.

and from the northwest quadrant during the cold pool
episode. Winds aloft were from the southwest, generally
at speeds of 10–20 m s21, except near the end of the
cold pool episode when they became very strong, reach-
ing 46 m s21 on the summit of Rattlesnake Mountain.
Freezing rain and ice pellets produced an accumulation
of 0.09 in. (2.3 mm) of melted precipitation in the basin
between 1000 and 1600 LST on 25 December. Cold
pool destruction occurred as the temperature aloft re-
mained steady and the temperature at the basin floor
warmed rapidly as the previously mentioned pseudo–
warm front progressed across the Pasco subbasin. Pres-
sure decreased through much of the cold pool episode
as the trough approached (Fig. 6e), but a rapid pressure
rise followed after passage of the short-wave trough.
Relative humidity varied from 80% to 96% during the
episode (Fig. 6f), but decreased rapidly following cold
pool breakup.

The evolution of vertical temperature and wind struc-
ture in the Pasco subbasin during the cold pool breakup
period is shown in Fig. 7, which includes data from the
radar profiler–RASS, the instrumented tower, the sur-
face-based temperature loggers on the mountainsides,
and wind observations from Rattlesnake Mountain. At
1800 LST (Fig. 7a), both the RASS and temperature
loggers indicated that the cold pool top was at about
700 m MSL. The temperature profile below the top of
the cold pool exhibited a near-moist-adiabatic lapse rate
indicative of stratiform clouds in the cold pool. By 2100
LST (Fig. 7b), the stability at the top of the cold pool
had strengthened and the top had lowered to 450 m MSL
over the northeast slope of Rattlesnake Mountain while
still maintaining an elevation of 700 m MSL over HMS.
While no wind data were available on the slope, the
depression of the cold pool top at this time and the
slightly stable atmosphere above the cold pool is con-
sistent with a lee wave or hydraulic flow on the northeast
side of the mountain as a southwest flow carried stable
air directly across the ridge crest. Between 2300 and
0000 LST, the pseudo–warm front produced at the in-
terface between the warm air descending the lee slope
and the southwestern edge of the cold pool propagated
across the terrain between Rattlesnake Mountain and
HMS destroying the remnants of the cold pool on the
plateau. The remnants of the cold pool were still present,
however, in the low-lying terrain near the Columbia
River north of Gable Mountain (open circles in Fig. 7c).
The cold pool destruction was complete at HMS by
about 0235 LST as static stability decreased above the
cold pool, vertical mixing became stronger, and winds
shifted to westerly, decreasing the cross-ridge compo-
nent of the flow. Figure 7d shows the temperature and
wind structure at 0525 LST, when the atmosphere was
well mixed above the site and strong westerly winds
were present through most of the basin atmosphere.

b. 2–7 January 1999
The 500-hPa geopotential height pattern during the

2–7 January cold pool episode was characterized by a

broad, deep trough over the central and eastern United
States with a quasi-stationary ridge over or slightly up-
stream of the entire west coast of North America. The
Pacific Northwest, located east of the ridge axis, had
contours that were oriented from northwest to southeast.
Northwesterly flow prevailed over the Pacific North-
west, with some day-to-day variations due to the passage
of minor short-wave troughs. The surface pattern in-
cluded a high pressure center that drifted from day to
day over the Pacific Northwest, with no frontal systems
nearby during the period. Figure 8 provides a series of
synoptic weather analyses at 24-h intervals to illustrate
the evolution of the 850-hPa geopotential height and
temperature patterns during the cold pool episode. The
850-hPa pressure level is approximately 400 m above
Rattlesnake Mountain and, thus, provides information
on warm and cold air advection above the basin cold
pool. The warmest temperatures at 850 hPa during the
episode were located just off the West Coast under the
mean ridge position. At 1600 LST 2 January 1999 at
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FIG. 8. Series of 850-hPa upper air analyses at 24-h intervals between 1600 LST 2 Jan and 1600 LST 7 Jan 1999.
Solid lines are geopotential height contours in dm; dashed lines are temperature contours in 8C. An 3 marks the
location of HMS. (From the National Climatic Data Center.)
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FIG. 9. Time series of meteorological variables at Rattlesnake
Mountain (black lines) and HMS (gray lines), 2–7 Jan 1999. Shading
indicates the cold pool period.

the beginning of the episode (Fig. 8a) the 850-hPa tem-
perature was about 218C over the Pasco basin. Tem-
peratures at 850 hPa rose gradually for the next 48 h
(Figs. 8b and 8c), but with an episode of stronger warm
air advection occurring as the winds strengthened on
the afternoon of 4 January (Fig. 8c) and persisted on 5
January (Fig. 8d), bringing the 850-hPa temperature to
about 68C. The warm advection gave way to cold ad-
vection on the afternoon of 6 January as a short-wave
trough was carried through the mean ridge position,
dropping temperatures to around 08C (Figs. 8e and 8f).

Meteorological observations within the Pasco basin
(Fig. 9) agree well with the preceding synoptic descrip-
tion. The cold pool began in the early evening of 2
January as temperatures dropped in the basin (Fig. 9a)
during a period of clear skies. The nighttime cooling
produced persistent fog on the morning of 3 January.
The fog cleared briefly at 0400 LST on 4 January, ex-
posing an altocumulus overcast. By the next hour the
fog had returned and lifted to form stratus. The fog and
stratus persisted in the basin, decreasing the radiation
input into the basin during the next two days (Fig. 9b)
and suppressing the nighttime cooling (Fig. 9a). Long-
wave radiation loss and cooling at the top of the fog
deck destabilized the cloudy layer in the lowest 150–
350 m of the basin atmosphere. The stability in this
layer became nearly moist adiabatic and observations
over the next two days in the basin included stratus,
fog, mist, and freezing fog. A period of strong warm

air advection above the basin began in the late morning
of 4 January. This advection produced a sharp temper-
ature inversion at the top of the cold pool. The strong
stability of this elevated layer decreased in intensity
after noon on 6 January as cold air advection began
above the pool. At 0400 LST on 6 January the fog deck
cleared and an overcast of altocumulus and cirrus was
observed until 2100 LST. The decreasing low cloudiness
allowed sunlight to penetrate into the basin, producing
convective warming at the base of the cold pool in the
afternoon of 6 January, nearly destroying it. The cold
pool restrengthened, however, following sunset and was
finally destroyed the next day by convective warming
at its base when the low clouds dissipated and overcast-
to-broken altocumulus and cirrus were observed above
the basin.

Winds were light (Fig. 9d) and variable (Fig. 9c) with-
in the cold pool during the entire period. At about 1000
LST on 4 January strong winds intruded into the upper
and middle elevations of the basin. Following this initial
intrusion, moderate winds above the basin maintained
a mostly westerly direction. The west winds aloft ended
rather abruptly about 0800 LST on 6 January. After
noon on this day, moderate winds began again aloft, but
from a northwesterly direction, and the winds in the
lower altitudes of the basin became westerly or north-
westerly. As was the case for the December cold pool,
pressures (Fig. 9e) were generally decreasing, with high
relative humidity within the pool (Fig. 9f). No precip-
itation occurred during the January episode.

The evolution of the temperature profiles is shown at
selected intervals from 1200 LST 4 January to 1200
LST 7 January 1999 in Fig. 10 using data from the
collocated RASS and 122-m tower, and from temper-
ature pseudoprofiles obtained from the lines of temper-
ature dataloggers on Rattlesnake and Gable Mountains.
Surface winds on the summit of Rattlesnake Mountain
are also shown in the figure. Note from section 3 that
there are differences in averaging times between sensors
as well as spatial differences between the profiles and
pseudoprofiles. The temperatures in the cold pool re-
ported by the different sensors are similar during the
period shown and have the characteristic near-moist-
adiabatic gradient in the cloud-capped, surface-based
layer. Strong warm air advection first began at about
1200 LST on 4 January at the highest altitudes (Fig.
10a). Over the course of time, the warm air descended
progressively to lower elevations (Figs. 10b,c). The con-
trast between the warm air aloft and the cold air within
the cold pool produced a strong temperature jump at the
top of the cold pool over a depth of several hundred
meters. Turbulent erosion produced by shear may have
played a role in the descent of this feature. By 1200
LST on 6 January (Fig. 10d) warming inside the cold
pool and cooling near its top had reduced the strength
of the capping inversion. After nightfall, a strong sur-
face-based inversion re-formed (Fig. 10e). This was de-
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FIG. 10. Evolution of vertical temperature and wind structure as
the Columbia basin cold pool forms and is destroyed during the period
4–7 January 1999. Shown are temperature and wind profiles at (a)
1200 LST 4 Jan, (b) 0000 LST 5 Jan, (c) 1200 LST 5 Jan, (d) 1200
LST 6 Jan, (e) 0000 LST 7 Jan, and (f ) 1200 LST 7 Jan 1999. The
symbols were defined in the caption of Fig. 7.

stroyed the next day (Fig. 10f) by a convective boundary
layer that grew upward from the ground.

During the descent of the strong temperature jump at
the top of the cold pool, large temperature oscillations
occurred at the Hobo dataloggers on the mountainside
as shown in Fig. 11. The oscillations appear to be pro-
duced by seiches or gravity waves that lap against the
inclined terrain. The highest peak-to-peak oscillations
(about 98C) occur at altitudes corresponding to the layer
of strong stability near the top of the cold pool where
vertical temperature gradients are strongest. The am-
plitude of the oscillations is, no doubt, somewhat un-

derestimated by the long response time of these tem-
perature sensors. The 5-min sampling rate does not al-
low us to resolve the periods of the oscillations. At lower
altitudes within the cold pool, where the cloudy at-
mosphere is moist adiabatic, the temperature oscillations
did not occur.

6. Discussion

The temperature deficit within the cold pool relative
to the air above the pool (i.e., the cold pool strength)
increases when the stability or cold pool depth increase,
and decreases when the stability or depth decrease
(Whiteman et al. 1999a). The many processes that can
produce changes in atmospheric stability can be illus-
trated by an equation for local changes in lapse rate (Air
Weather Service 1979):

]g 1 ] dQ ]VH5 2 2 V · =g 1 · =TH1 2]t c ]z dt ]zp

| | | | | |
z z z

I II III

]w ]g
1 (G 2 g) 2 w , (1)d]z ]z

| | | |
z z

IV V

where g 5 2]T/]z (lapse rate), t is time, cp is the specific
heat of air at constant pressure, z is height, Q is the heat
supplied to a unit mass of air, VH is the horizontal wind
vector, T is temperature, w is vertical wind, and Gd is
the dry-adiabatic lapse rate. Equation (1) states that
changes in stability can be caused by differential heating
in the vertical (term I), advection of air of different
stability (term II), differential temperature advection
(term III), shrinking and stretching of the column (term
IV), and vertical advection of lapse rate (term V). Sta-
bility increases when the lapse decreases with time (i.e.,
when ]g/]t , 0). The latent heat exchanged during con-
densation or evaporation, and heat transfers by radiation
and turbulence are included in Q.

The cold pool formation and destruction mechanisms
were different for the 24–26 December and 2–7 January
cases. The December cold pool formed as static stability
increased when relatively warm air was advected aloft
over the basin (term III). Stratus suppressed the diurnal
warming/cooling cycle in the pool (term I), and the pool
was destroyed rather suddenly when cold air at the
ground was replaced by warm air (terms II and V). The
warm, unstable air was mixed down from aloft by flow
over the topography at the southern end of the Pasco
subbasin. The January cold pool began with a nocturnal
inversion that formed in the basin on a clear night (term
I). It was maintained by a stratus overcast that sup-
pressed the diurnal warming in the basin (term I), was
subsequently strengthened by warm air advection aloft
(term III), was then weakened by cold air advection aloft
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FIG. 11. Temperature time series at different heights on Rattlesnake Mountain from the 5-min
Hobo data.

(term III), and was finally destroyed by convective
boundary layer growth after the cloud cover dissipated
(term I). While we have emphasized the major processes
causing stability changes in the two episodes and their
varying importance with time, it is clear that the terms
in (1) are additive and that there are often cases where
multiple processes are acting. A more complete treat-
ment of the energetics of basins that may lead to further
information on the roles of the various processes can
be obtained by integrating over different layers the tem-

perature tendency equation from which (1) is derived.
This has been done previously for Colorado’s Sinbad
basin (Whiteman et al. 1996; Fast et al. 1996) and for
the Colorado Plateau basin (Whiteman et al. 1999a).

Because this paper describes the first observational
investigation of cold pool structure in the Columbia
basin, we would like to make further remarks on several
cold pool topics. The topics include 1) horizontal ho-
mogeneity within the pool, 2) contributions of foehn or
downslope winds to warming above the pool, 3) tur-
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FIG. 12. Schematic diagram of vertical soundings at successive
times t1, t2, t3, etc., illustrating the evolution of temperature structure
with (a) turbulent erosion (b) turbulent erosion with warm air ad-
vection aloft, and (c) differential warm air advection in which the
warming first appears aloft and then progresses downward with time.
Panel (a) could also represent a combination of turbulent erosion and
subsidence. The dry-adiabatic lapse rate (Gd 5 2]T/]z 5 9.88C km21)
is shown for comparison.

bulent erosion at the top of the pool, and 4) the role of
clouds within the pool.

During the January episode when clouds were present
within the cold pool, the RASS temperatures over the
basin center differed little from the Hobo temperatures
on nearby Rattlesnake Mountain (Fig. 10). This suggests
that an assumption of horizontally homogeneity of tem-
peratures within a cold pool may be valid in these cir-
cumstances. In strongly stable cold pools, buoyancy ef-
fects tend to keep isentropes and isotherms approxi-
mately horizontal even in cloudless conditions during
daytime when one side of the basin is heated by the sun
(Whiteman et al. 1999a). Strong temperature differences
can occur, however, at the base of the cold pool between
isolated subbasins (Whiteman et al. 1999a). The De-
cember cold pool exhibited strong horizontal tempera-
ture differences across the basin but these differences
were not within the cold pool; rather, they were between
cold pool remnants and the warmer air being mixed
down from aloft that was replacing the cold air at the
south end of the basin. The operation of the RASS and
Hobo dataloggers during the whole winter of 1998/99
allows the possibility of investigating how stability
within the basin affects the horizontal temperature dif-
ferences between the basin center and Rattlesnake
Mountain, the subject of a future article.

The strong warming above the basin on 4 January
(Fig. 9) occurred with moderate west winds in a slightly
stable air mass flowing over the Cascade Mountains.
Some of this warming may have been caused by adi-
abatic descent of the flow on the lee side of the Cascades.
Comparison of rawinsonde soundings upwind and
downwind of the Cascades at Quillayute and Spokane,
Washington, did not identify any temperature excesses
on the east side of the Cascades. Because the adiabatic
warming can occur locally over lee slopes and may not
be apparent east of the mountains at Spokane, we in-
vestigated this further with a mesoscale numerical mod-
el and found a significant adiabatic warming component
(Zhong et al. 2001).

Turbulent erosion has been proposed by previous in-
vestigators (e.g., Ayer 1961; Davidson and Rao 1963;
Lenschow et al. 1979) as a potential mechanism for the
descent of the top of a cold pool. Descent was a feature
of the January episode, especially during the period
from 1200 LST 4 January through 1500 LST 5 January
(Fig. 10). Turbulent erosion is a process that removes
the stable air layer by layer at the top of a cold pool by
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FIG. 13. Schematic of the different shapes of cold pool temperature
profiles in the Colorado Plateau and Columbia basins. In noncloudy
conditions in the Colorado Plateau (Whiteman et al. 1999a), stability
decreases smoothly with height to the top of the cold pool. In contrast,
cloudy cold pools in the Columbia basin have a near-moist-adiabatic,
cloud-containing layer that is surmounted by a sharp temperature
jump. The dry-adiabatic lapse rate (Gd) is shown for comparison.

turbulent eddies that are generated by wind shear be-
tween the quiescent air within the cold pool and stronger
winds just above the stable transition layer at the top
of the cold pool. Unfortunately, the radar profiler wind
data were of insufficient quality to calculate Richardson
numbers at the top of the cold pool to determine whether
this mechanism is likely. Turbulent erosion can also
occur with warm air advection above the cold pool. It
is sometimes difficult to separate these turbulent erosion
situations from differential advection in which warm air
comes in first aloft, since all three situations can increase
the temperature jump at the top of the cold pool and
cause the cold pool top to descend (Fig. 12). Paradox-
ically, despite the fact that turbulent erosion and dif-
ferential advection increase the strength of the temper-
ature jump, turbulent erosion destroys the cold pool
while warm air advection aloft strengthens it.

The role of turbulent erosion is also unclear for the
December cold pool. The descent of the top of the cold
pool over the south side of the Pasco subbasin was
accomplished with a substantial static stability just
above the interface (Fig. 10) and no wind speed obser-
vations were available above this interface. A second,
related, hypothesis is that a hydraulic flow or descending
air depressed the southern edge of the cold air mass and
pushed it progressively northeastward. Turbulent ero-
sion at the top of the depressed cold pool would increase
the effectiveness of this mechanism. In future work we
plan to investigate the turbulent erosion mechanism fur-
ther using additional field data and numerical model
simulations.

Fog and stratus were present in both Columbia basin
cold pool episodes. Condensation within the pool may

be produced by cooling or moistening of the basin air.
Evaporation may come from the basin floor or the Co-
lumbia River, which remains ice free in winter. The
Pasco subbasin is a semiarid area receiving only about
0.16 m of precipitation annually. The soil moisture is
relatively high in winter, however, as the basin receives
its peak precipitation in this season. Fog and stratus in
the January episode formed following nighttime cooling
(Fig. 9) under clear skies. In contrast, stratus clouds in
the December episode formed with little cooling during
a light snowfall late on 23 December and in the morning
of 24 December, and evaporation following these events
probably played a role. When present, low clouds reduce
diurnal temperature changes within the basin by reduc-
ing incoming solar radiation during daytime and reduc-
ing outgoing longwave radiation at night. Enhanced
longwave radiative loss and cooling are produced at the
cloud top during both day and night. The subsequent
sinking of the cold air produces a distinctive near-moist-
adiabatic lapse rate within the cloudy cold pool below.
The formation of the fog and clouds releases latent heat
within the Columbia basin cold pool; destruction of the
pool requires that latent heat be supplied to evaporate
this cloud water. The amount of latent heat can be sig-
nificant. For example, a cloudy cold pool of 500-m depth
with a constant potential temperature gradient of 14
K km21 and a liquid water content of 0.5 g m23 can be
destroyed if all the air within the pool is brought to the
same potential temperature as the cold pool top. As-
suming a 1 m2 column, the latent heat required to evap-
orate the cloud water would be 0.625 MJ and the sen-
sible heat required to warm the dry air would be 1.75
MJ. Thus, latent heat would be 26% of the total heat
required to destroy the cold pool.

The distinctive near-moist-adiabatic layer within the
cold pool, when combined with the temperature jump
at its top, distinguishes cold pool profiles in the Pasco
basin from those observed previously in the center of
the broad Colorado Plateau basin (Fig. 13) where low
cloud cover is much less frequent and where the sur-
rounding high plateaus have a continuous wintertime
snow cover that increases longwave radiation loss and
generates a flow of cold air into the basin, producing
frequent surface-based temperature inversions. Temper-
ature jumps similar to those seen in the Pasco basin
have, however, been reported near the rim level of the
Grand Canyon of the Colorado River (Whiteman et al.
1999b) where they are attributed to warm air advection
above the canyon at times when colder air is confined
in the narrow canyon below. During these events, sim-
ilar temperature jumps are not seen over the broader
Colorado basin, apparently because the warm air ad-
vected above the cold pool becomes better mixed with
the air below during the long trajectory over the broad
basin. Thus, the strength of a temperature jump above
a basin may depend on distance from the surrounding
or confining terrain.
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7. Conclusions

We have defined a cold pool as a topographically
confined, stagnant layer of air that is colder than the air
above. Persistent multiday cold pools occur primarily
in winter when the daily cycle of sensible heating and
convection are insufficient, either because of cloudiness
or seasonal reductions of sensible heat flux, to destroy
the near-ground stable layer on a daily basis. Persistent
cold pools in the Columbia basin often have a layer of
enhanced stability at their top separating them from the
warmer air above and, if stratiform clouds or fog form
within the pool, the surface-based layer capped by the
clouds is characterized by a near-moist-adiabatic lapse
rate. Using our cold pool definition and considering a
persistent cold pool to be one that lasts more than 18
h, we have developed a climatology of cold pools in
the Columbia basin. On average, 11.6 cold pools occur
per winter producing 399 cold pool hours per year.

An investigation of two persistent wintertime cold
pools in the Columbia basin found different mechanisms
for their initiation and decay. The first cold pool formed
through a stabilization of the basin temperature profile
as warm air was advected above the basin by synoptic-
scale flows. The cold pool destruction was initiated
when strong above-mountain winds shifted direction to
bring stable air perpendicularly across the mountain
crest at the south end of the Pasco subbasin, initiating
a strong lee wave or hydraulic flow on the lee slopes
of the Rattlesnake Ridge and Horse Heaven Hills. The
cold pool was destroyed as the descending warm air
progressively displaced more and more of the cold air
in the basin. Remnants of the cold air remained trapped
for some time in the lowest-lying terrain along the riv-
ers. The second cold pool formed initially within the
topography of the Pasco subbasin when fog and clouds
developed within a nocturnal temperature inversion at
the end of a clear night. Continued warm air advection
aloft caused a sharp stable layer to form at the top of
the pool. The synoptic-scale advection of warm air aloft
may have been supplemented by mesoscale adiabatic
warming by a chinook wind that descended from the
Cascade Mountains to the west of the basin (Zhong et
al. 2001). Fog that formed within the mesoscale pool
lifted to form stratus. Cold air produced by radiative
processes at the top of the stratus deck effectively stirred
the pool through downward convection, producing a
distinctive near-moist-adiabatic temperature structure
within the pool. The stratus clouds kept direct sunlight
from penetrating to the floor of the basin, effectively
precluding the destruction of the cold pool by convec-
tive boundary layer growth. A layer of strong stability
at the top of the cold pool, with relatively strong winds
above, descended into the basin during the cold pool
period. This descent occurred as the cold pool was
strengthening (since the winds were bringing in warm
air aloft). Insufficient data were available to test the
hypothesis that turbulent erosion played a role in caus-

ing the strong stability cap at the top of the cold pool
to descend. The cold pool was finally destroyed when
cold air advection aloft destabilized the basin atmo-
sphere, the stratus began to break, sunlight penetrated
into the basin, and convection destroyed the cold pool
from below.

Cold pool evolution is produced by atmospheric pro-
cesses that occur on multiple scales (synoptic-scale dif-
ferential temperature advection, subsidence, local evap-
oration and cooling, radiative processes at the cloud top,
latent heat release caused by cloud microphysical pro-
cesses, development of convection over the basin floor,
downslope warming, etc.). The large number of pro-
cesses and the multiplicity of scales present significant
challenges for the numerical modeling and forecasting
of cold pool buildup and breakdown. Forecasting the
timing of the breakup of the cold pool is a particular
challenge since there are instances when passing low
pressure systems can leave the cold pool intact. Fore-
casts of precipitation type and timing, temperature max-
ima and minima, and the effects of these parameters on
transportation and other activities depend critically on
the cold pool forecast.

Vertical temperature and wind structure information
is often unavailable in basins and valleys. The present
study shows, however, that useful vertical temperature
structure information may be obtained from inexpensive
temperature dataloggers or weather stations on exposed
mountainsides. To be of use in forecasts, this infor-
mation would need to be available in real time.

While this paper has focused on two cold pool epi-
sodes in the Columbia basin it is not yet clear to what
extent these episodes are representative of Columbia
basin cold pools or of cold pools in different topographic
settings. Because of the limited observational evidence
and the variety of possible physical mechanisms that
could result in the buildup and breakdown of the cold
pools, further analysis and modeling will be required to
gain a full understanding of wintertime cold pools. A
related article by Zhong et al. (2001) extends the anal-
ysis of the January cold pool case with a mesoscale
numerical model.
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