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ABSTRACT

The breakup of temperature inversions in the decp mountain valleys of western Colorado has been studie:d
by means of tethered balloon observations of wind and temperature structure on clear weather days in
different seasons. Vertical potential temperature structure profiles evolve following one of three patterns.
Two of the patterns are special cases of the third pattern, in which inversions are destroyed by two continuous
processes—upward growth of a convective boundary layer (CBL) into the base of the valley inversion, and
descent of the inversion top. The three idealized patterns are described and 21 case studies of inversion
breakup following the patterns are summarized. Inversion breakup begins at sunrise and is generally com-
pleted in 3'4-5 h, unless the valley is snow covered or the ground is wet. Warming of the inversion layer
is consistent with subsidence heating. An hypothesis is offered to explain the observations, stressing the role
of the sensible heat flux in causing the CBL to grow and an upslope flow to develop over the sidewalls. As
mass is removed from the base of the inversion layer in the upslope flows, the inversion sinks and warms.

1. Introduction

A number of investigators have commented on the
lack of published observations of temperature struc-
ture evolution in the valley atmosphere (Geiger,
1965; Scorer, 1973; Reid, 1976). The importance of
these observations in achieving a better understand-
ing of local wind circulations and valley air pollution
dispersion has become generally recognized in recent
years, and has led to a recent research program in-
vestigating one aspect of the diurnally varying struc-
ture of the valley atmosphere, namely, the breaking
or destruction of nocturnal temperature inversions.
In Part I of this paper the design of the research
program is presented, and data collected in the deep
valleys of western Colorado are reviewed and ana-
lyzed. A general picture of the inversion destruction
phenomenon is developed by induction and an hy-
pothesis is developed to explain the observations. In
Part II (Whiteman and McKee, 1982), a time-de-
pendent thermodynamic model of vertical tempera-
ture structure is developed from the hypothesis to
simulate vertical temperature structure evolution
during inversion breakup. There, the model is tested
against specific data sets to test its performance in
situations where valley topography, initial inversion
structure, and other external conditions vary.

2. Previous work

Ekhart (1949) published the first comprehensive
set of frequent temperature profiles taken through
the depth of a valley atmosphere during a clear day.
The breakup of a 10°C, 1000 m deep nocturnal in-
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version occurred following sunrise and was accom-
plished by early afternoon. These initial observations
had limited vertical resolution but clearly showed the
development of a convective boundary layer (CBL)
above the valley floor after sunrise and the apparent
descent of a dry adiabatic layer into the valley from
aloft. Machalek’s (1974) observations on a clear
spring day in Austria’s deep Miirz Valley showed the
dissipation of a nocturnal inversion (7°C in 500 m)
in the hours between sunrise and noon, again accom-
plished by two processes, the heating of a boundary
layer near the ground and the lowering of the upper
boundary of the inversion. In view of the interesting
initial observations of inversion breakup obtained by
Ekhart and Machalek and the lack of a more com-
prehensive set of observations or understanding of
the valley inversion breakup phenomenon, a set of
experiments was designed to extend their work by
collecting frequent concurrent wind and temperature
profiles during the time of inversion destruction in
mountain valleys of western Colorado.

3. Experimental design

The objective of the experimental program was to
investigate the evolution of temperature inversion
structure during undisturbed weather in a pumber
of mountain valleys during different seasons, with
the goal of clucidating the physical factors governing
inversion destruction. To meet this objective, teth-
ered balloon soundings of temperature and wind
structure were to be made at approximately 1 h in-
tervals during the time of inversion breakup, from
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is indicated by a dot.

sunrise to late morning. Experiments were designed
to be conducted by a small number of people able
to respond quickly to suitable synoptic weather pat-
terns with a minimum amount of portable equip-
ment.

Experiments were conducted primarily in valleys
on the western slope of the Rocky Mountains in
western Colorado (Fig. 1), where terrain elevations
range from 1500 to nearly 4400 m MSL. Deep val-
leys having a simple linear shape and lack of topo-
graphic complexity were preferred to meet the ex-
perimental objective. Topographic characteristics of
some of the valleys investigated are presented in
Table 1. Further details concerning the determina-
tion of the numbers in the table, the other sites in-
vestigated, etc., are given by Whiteman (1980).

Small, portable, tethered balloon data collection
systems (Morris et al., 1975) provided the basic ex-
perimental data. A full description of these systems,
tests of their operating characteristics, and a sum-
mary of data processing procedures are given by
Whiteman (1980).

Following the experimental design, a basic data

set of 375 tethered balloon soundings was obtained
from Colorado valleys, representing inversion breakup
observations in all seasons of the year. These data,
collected primarily during undisturbed clear weather
conditions, are representative of a rather narrow
range of synoptic weather conditions in which high
pressure generally prevailed over the experimental
areas. These synoptic conditions occur frequently in
western Colorado, especially in summer and fall.

4. General patterns of vertical potential temperature
structure evolution

During inversion breakup in the valleys studied,
the temperature structure evolved followed one of
three patterns. These patterns, in an idealized form,
are illustrated in Fig. 2. The first pattern of inversion
destruction (Figs. 2a and 2b) is characterized by the
upward growth from the ground of a convective
boundary layer and describes inversion behavior over
flat terrain. At sunrise (¢;) the potential temperature
profile is as shown in Fig. 2a, and the height H of
the CBL is zero (Fig. 2b). Successive soundings
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FIG. 2. Three patterns of temperature structure evolution. Potential temperature
profiles are on the left and time-height analyses of CBL height and inversion top height

are on the right.

taken at times 7, and ¢; show the upward growth
from the ground of a well-mixed convective boundary
layer. At any given time the boundary layer has a
potential temperature that is nearly independent of
height, but the temperature of the boundary layer
increases as a function of time. A shallow super-
adiabatic sublayer is typically present at the base of
the CBL immediately above the ground. The inver-
sion is finally destroyed at time 5 when the height
H(t) of the CBL grows to the height A of the top of

the inversion, producing a constant potential tem-
perature atmosphere in the valley. Pattern 1 inver-
sion destruction is thus characterized by the growth
with time of a convective boundary layer, while the
height of the top of the inversion remains fixed in
time. Only one example of Pattern 1 inversion
destruction was observed in the field experiments.
This occurred on a summer day in the widest valley
studied.

The second pattern of temperature structure evo-
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F1G. 3. Example of Pattern 1 temperature structure evolution. Tethered-balloon data,
Yampa Valley, 9 August 1978.

lution is very different from the first. The CBL over
the valley floor, which begins to grow after sunlight
illuminates the valley floor, plays only a minor role,
its growth being arrested after a certain shallow
height is attained (Fig. 2d). The inversion destruction
is caused by the descent of the top of the inversion
into the valley, which is accompanied by a warming
of the valley atmosphere (Fig. 2c). Despite this
warming, the vertical potential temperature gradient
in the inversion layer remains constant. The inversion
is destroyed at time ¢, when the descending top of
the inversion meets the fixed top of the CBL and the
warming finally results in an equal potential tem-
perature throughout the valley depth. This pattern
of inversion destruction was observed twice during
field experiments. Both cases occurred in winter
when the valleys had extensive snow cover.

Pattern 3 temperature structure evolution is a
combination of the first and second patterns. In Pat-
tern 1, a CBL grows upward into the inversion and
the descent of the top of the inversion plays no role.
In Pattern 2, inversion destruction is accomplished
by a descending inversion top, and the role of the
CBL is minimized. Pattern 3 represents a continuum
of intermediate situations in which both the growth
of the CBL and the descent of the inversion top are
present. Figs. 2e and 2f show the continuous growth
of the height H(r) of the CBL and the accompanying

descent of the inversion top, k(). The elevated rem-
nant of the temperature inversion warms signifi-
cantly but maintains its original potential tempera-
ture gradient. The inversion is finally destroyed at
time ¢, when the descending inversion top meets the
ascending CBL, and a constant potential tempera-
ture is attained through the depth of the valley. Pat-
tern 3 inversion destruction is the most common pat-
tern in Colorado valleys. It was observed in all
seasons, provided snow cover was absent, and its oc-
currence seemed to be largely independent of topog-
raphy, synoptic conditions and upper level winds. Of
21 case studies selected for further analysis, 18 fol-
lowed Pattern 3.

The three patterns of inversion destruction differ
in the extent to which the CBL growth or inversion
top descent is dominant. Three main layers of tem-
perature structure may be recognized in the idealized
vertical profiles—the CBL, the elevated inversion,
and the neutral layer above the inversion. Following
are examples taken from the data illustrating the
three patterns of potential temperature structure evo-
lution.

An example of Pattern 1 inversion destruction was
observed on the morning of 9 August 1978 in the
Yampa Valley, 3 km upstream from Steamboat
Springs, Colorado. The data are given in Fig. 3. The
table at the base of the figure gives the tethersonde
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sounding number (U for an up-sounding, D for a
down-sounding) and the time interval in which the
sounding was conducted. Plots of potential temper-
ature versus height form the main part of the figure
and concurrent soundings of vertical wind structure,
labeled with the sounding number, are located ad-
jacent to the potential temperature plots. The ori-
entation of the wind arrows at a particular height
in the soundings can be compared to the up-valley
direction provided on the figure. A wind speed legend
is given so that the length of the wind arrows can
be converted to actual wind speeds. The 0415 MST
700 mb Grand Junction vector wind is given for ref-
erence. The time of sunrise (theoretical SR) on an
unshaded horizontal surface at the latitude and lon-
gitude of the experimental site is indicated, along
with the time of actual sunrise (SR) at the valley
floor site. The heights of the inversion top and CBL
top are indicated by dots and stars, respectively, on
the individual soundings. The primary means of mak-
ing these subjective height estimates was to find the
inflection points between potential temperature gra-
dients in the three main temperature structure layers.
In difficult cases, continuity of trends in the heights
of the various layers was invoked. In some cases wind
discontinuities at the boundaries of the layers helped
in the analysis.

The basic features of the Pattern 1 inversion de-
struction are seen in the Yampa Valley data pre-

G. 4. Example of Pattern 2 temperature-structure evolution. Tethered-balloon data, Yampa Valley, 23 February 1978.

sented in Fig. 3. The first sounding of the morning
was taken before sunrise and reveals the hyperbola-
shaped vertical profile of a 650 m deep inversion with
a strength of 16 K. Successive profiles show the de-
velopment of a convective boundary layer that grows
upward from the surface. Major warming occurs
only in the CBL. The inversion destruction did not
follow Pattern 1 perfectly, but showed some of the
characteristics of Pattern 3 destruction as observed
in most other valleys, including some warming of the
inversion layer and an apparent, but minor, descent
of the top of the inversion. Winds within the inversion
were very weak and erratic during the inversion de-
struction except at the upper levels where southeast
winds of 4 or 5 m s™! prevailed for a time. Up-valley
and up-slope winds tended to form in the CBL as it
grew upwards from the ground. After inversion de-
struction (sounding 5D), weak down-valley winds
prevailed through the depth of the valley.

Pattern 2 inversion destruction was observed in the
snow-covered Yampa Valley on 23 February 1978
and in the Gore Valley on 10 December 1975. The
23 February 1978 data (Fig. 4) are a particularly
good example of Pattern 2 destruction. The first
soundings of the morning show an intense potential
temperature inversion of 30 K in 500 m. The inver-
sion had a hyperbolic shape in the lowest level that
resulted in a particularly intense potential temper-
ature gradient of 183 K km™ in the lowest 73 m of
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FIG. 5. Example of Pattern 3 temperature-structure evolution. Tethered-balloon data, Eagle Valley, 16 October 1977.

the profile. The hyperbolic segment of the profile was

surmounted by a near-linear segment having many
small potential temperature deformations. A fairly
sharp discontinuity at the top of the linear segment
marked the beginning of isothermal to neutral sta-
bility. The soundings were of insufficient depth to
resolve the upper limit of this layer. Successive
soundings show the inversion structure evolving ac-
cording to Pattern 2. The descent of the inversion
top began after sounding 14 and is clearly seen in
the data. By 0959 MST a shallow boundary layer,
comprised mostly of a superadiabatic sublayer with
only a shallow layer of constant potential tempera-
_ ture, had grown upward from the ground. After
reaching a height of ~35 m, the boundary layer
failed to grow further. Inversion destruction there-
after was accomplished entirely by the descent of the
inversion top. During the descent, temperatures
within the inversion layer warmed at about the same
rate at all levels. The potential temperature 6, at the
top of the inversion warmed 1-1.5 K during the day
as the inversion destruction progressed. By late in
the afternoon, the inversion had not been completely
destroyed, although the top of the inversion had de-
. scended to within 175 m of the ground. Further
soundings (22 on) showed the reestablishment of the
nocturnal cooling regime and the end of the inversion
destruction period.

Winds within the inversion during the Pattern 2

destruction blew predominantly down the valley, but
at speeds generally less than 2 m s™'. Winds in the
neutral layer above the inversion blew up the valley
at speeds of several meters per second. The approx-
imate boundary between the two wind regimes is
shown in the figure.

A Pattern 3 inversion destruction occurred in the
Eagle Valley on 16 October 1977 (Fig. 5). Although
the first sounding of the morning was terminated at
an altitude of only 450 m, it is apparent from the
second sounding that the near-sunrise inversion ex-
tended to a height of ~650 m and had a strength
of ~19.5 K. The average potential temperature gra-
dient was 30 K km™'. The initial inversion shape was
nearly linear, and the potential temperature evolu-
tion followed Pattern 3 very closely. The ascent of
the CBL and the descent of the top of the inversion
are well marked, as is the strong warming at mid-
levels of the profiles. During the period of inversion
destruction, the elevated remnants of the near-sun-
rise inversion maintained their potential temperature
gradient, and the neutral layer warmed by 1.5 K.
The inversion had been completely destroyed by the
last down-sounding at ~1130 MST.

Along-valley wind systems are particularly well
developed in the Eagle Valley. Strong down-valley
winds usually begin in the early evening and persist
through the night, as evidenced by the strong down-
valley winds at mid-levels in the inversion in the early



MARCH 1982

morning soundings. Winds within the elevated in-
version layer often continue to blow down-valley until
the inversion is nearly broken, but usually weaken
slowly as the inversion descends. In the CBL below,
the winds are typically weak and blow up-valley. Up-
valley winds in the neutral layer above the inversion
often follow the descent of the inversion top deeper
and deeper into the valley until, when the inversion
is broken, they prevail throughout the whole depth
of the valley. At this time they often become more
turbulent. The neutral layer wind strengths as well
as those of the inversion layer and CBL, are quite
variable from day to day and from valley to valley
and are considerably more variable than the tem-
perature structure patterns previously described. In
the following section, additional case studies of in-
version breakup will be summarized.

5. Vertical temperature structure evolution data—21
case studies

Twenty-one case studies of inversion destruction
illustrate the range of seasonal, topographic and syn-
optic conditions for which the previously described
inversion evolution patterns were observed. The data
were collected at nine sites in four Colorado valleys.
Most case studies were conducted on days with a 500
mb ridge and a surface high pressure area over the
western United States. However, there were a sig-
nificant number of days on which weather distur-
bances were present in the experimental areas. See
Whiteman (1980) for further details. Nevertheless
most days chosen for analysis were characterized by
a lack of significant cloud cover. Wind speeds at 700
mb were consistently light on experimental days,
averaging just over 6 m s”', although winds were
from all quadrants. Wind speeds at 500 mb averaged
10.8 m s~!, but varied from 1 to 28 m s™! with winds
consistently from the two western quadrants.

Inversion destruction data for the 21 case studies
are summarized in Table 2. Several comments on the
table are necessary:

e ¢, the time of theoretical sunrise for the latitude
and longitude of the site, is entered in column 3.

e ¢, the time at which direct sunlight first reached
the observational site on the valley floor, is entered
in column 4 as recorded from field notes.

® {5, an estimate of the time of final destruction
of the inversion, is entered in column 5. These time
estimates were based on the series of temperature
profiles taken during inversion destruction and in-
dicate the time at which the entire valley depth would
attain a constant potential temperature.

® h; the initial depth of the inversion, is recorded
in column 7. ‘

e }h,, the valley depth, is given in column 8.

o Inversion strength, the potential temperature
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difference between the base of the sounding and the
top of the inversion, is given in column 10.

e v, the average potential temperature gradient
recorded on the first sounding of the morning, is given
in column 11.

e ', the average potential temperature gradient
within the inversion layer at a time approximately
midway through the inversion destruction period, is
given in column 12, '

e A#,, the increase in potential temperature of the
neutral layer above the valley inversion during the
period of inversion destruction, shown in column 6,
is given in column 13.

e The peak strength (m s™') of the down-valley
wind within the inversion at a time near sunrise is
given in column 14. The value given is an average
of the wind speeds recorded by the up- and down-
soundings at the altitude of the peak down-valley
wind. This averaging was necessary to account for
systematic differences between the winds indicated
by up- and down-soundings, as discussed by White-
man (1980).

a. Inversion characteristics near the time of sunrise

For the 21 case studies, the average depth of the
valley inversions was 604 m (Table 2, column 7).
Inversion depths ranged from 400 m at the Stillwater
site to 750 m in the Gore Valley. In undisturbed clear
weather, inversions at a particular site attain a depth
typical of the site, regardless of season. Thus for the
Eagle Valley sites, which are close together, inver-
sions typically grow to about 625 m. Inversions at
the two valley sites in the Yampa Valley, which again
are not far apart, are 475-650 m deep. Inversions
at the Stillwater site on the South Fork of the White
River, investigated in only one season, attain heights
of only 300 or 400 m.

For the valleys studied, inversions generally built
to the level of the ridgetops (Table 2, columns 8 and
9). The average ratio of inversion depth to valley
depth was 1.10, although the ratio varied from 0.53
at the Stillwater site to 1.75 at the River Cabin.
While the average inversion top height is slightly
above the level of the local ridgetops, the height of
the inversion top in all cases is lower than the height
of regional terrain features in the vicinity of the sites.

Inversion strength (Table 2, column 10) averaged
17.1 K for the cases studied and varied from 10.7
K for a shallow summer inversion in the South Fork
of the White Valley to 30.0 K for a moderately deep
inversion under clear skies in the snow-covered
Yampa Valley. The primary factors affecting inver-
sion strength appear to be cloudiness, which de-
creases inversion strength, and snow cover on the
ground, which increases it. Snow cover was present
during two campaigns. In February 1978, the Yampa
Valley was covered with a deep snowpack. In De-
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cember 1975, the Gore Valley had a cover of snow
on the forested north-facing hillside but had only
patchy snow cover on the south-facing hillside. In-
version depth has only a limited effect on inversion
strength, with deep inversions being relatively weaker
than shallow inversions, other things being equal.

The potential temperature gradient at a particular
site (Table 2, column 11), being a ratio of inversion
strength and inversion depth, will be controlled by
cloudiness and/or snow cover. The average potential
temperature gradient for the valleys investigated was
0.0295 K m™!, but values ranged from 0.0187 to
0.0566 K m™'. The average potential temperature
gradient, defined as the difference in potential tem-
perature between the top of the inversion and the
surface divided by inversion depth, is often not rep-
resentative of the potential temperature gradient at
mid or upper levels of the inversion. This is especially
apparent when a shallow intense inversion sublayer
is present at the base of the inversion. A second cal-
culation of potential temperature gradient for mid
and upper levels of the inversion is given in column
12 of Table 2 for a time approximately mid-way
through the inversion destruction period. The aver-
age of this figure for the 21 case studies is 0.0231
Km™.

Near-sunrise soundings of potential temperature
frequently showed an especially strong temperature
inversion in the lowest layers of the profiles. These
segments of the profiles were often of a hyperbolic
shape, especially apparent in valleys that were snow-
covered, in which down-valley winds were light or
in which a terrain constriction down-valley caused
local pooling of cold air. In valleys that supported
a moderate or strong down-valley wind system, on
the other hand, the vertical profiles of potential tem-
perature were near-linear through the depth of the
inversion. Peak down-valley winds (Table 4, column
14) within the inversions of some valleys were in the
range from 8 to 11 m s™'. Inversions were not de-
stroyed by these strong winds, nor were the gross
inversion characteristics significantly affected, except
for the above-mentioned effect of the linearization
of the inversion profiles.

Seasonal differences in the characteristics of valley
inversions are not large. As mentioned above, inver-
sion strength is increased by snow cover. There also
seems to be a tendency for summer inversions to be
slightly deeper, but not stronger. This is more clearly
seen in the Yampa and Gore Valley data.

It is of interest to compare the characteristics of
western Colorado valley inversions with the char-

acteristics of inversions on the same dates at Grand
" Junction, Colorado, the nearest National Weather
Service rawinsonde site. The Grand Junction site is
at an altitude of 1475 m MSL on the broad Colorado
River west of the study region. Morning rawinsondes
there are generally launched at 0415 MST, before
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sunrise in all seasons. Data in Table 3 include tem-
perature inversion characteristics as well as 700 and
500 mb wind speeds and directions, as obtained from
Grand Junction rawinsondes.

For most of the valley sites, the 700 mb level is
just above ridgetops. The 500 mb level is at least
1000 m above the crest of the Rocky Mountains.
Columns 6, 7, 9 and 10 of Table 3 give the along-
valley and cross-valley components of the Grand
Junction winds for the specified valley site. A positive
number for the along-valley component indicates an
up-valley flow. A positive number for the cross-valley
component indicates a flow from right to left when
looking up the valley.

Inversions at Grand Junction are usually much
shallower than the valley inversions, averaging only
198 m deep, but varying from 49 to 349 m. Inversion
strengths at Grand Junction range from 2.6 to 11.5
K, but average 6.7 K, versus 17.1 K for the valley
inversions. The potential temperature gradient of
Grand Junction inversions, averaging 0.0409 K m™!
with a range of 0.0152 to 0.0797 K m™!, is consid-
erably stronger than for the valley inversions. All
inversion characteristics at Grand Junction are sig-
nificantly more variable than the characteristics of
the deep valley inversions studied.

Due to the selection of meteorologically undis-
turbed experimental periods, valley inversion data
were generally collected when 700 and 500 mb wind
speeds were low. The effect of upper winds on the
development of valley inversions and Grand Junction
inversions can be seen by comparing data in Tables
2 and 3. The Eagle Valley data suggest that strong
700 mb cross-valley winds may result in slightly shal-
lower inversions than normal. But, at least for the
range of wind speeds studied, no obvious and con-
sistent relationship between upper air winds and val-
ley temperature inversion development can be de-
termined, even when the upper level winds are
resolved into along- and cross-valley components.

b. Inversion breakup

Data indicate that inversion destruction typically
begins shortly after sunrise (#;) with the beginning
of the descent of the top of the inversion. The growth
of the convective boundary layer on the valley floor
is initiated after direct sunlight arrives at the floor.
Depending on the valley topography and orientation,
local sunrise (#;) may be up to 1 h and 50 min later
than ¢, (Table 2, columns 3 and 4). A developing
boundary layer was usually readily apparent in tem-
perature soundings within 30-40 min after sunlight
reached the valley floor.

The amount of time after sunrise required for an
inversion to be destroyed varies from 3% to 5 h. These
are rather narrow limits, considering the wide vari-
ation in topography and broad seasonal sampling of
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F1G. 6. Time-integrated solar flux on an extraterrestrial horizontal surface as a function of
month of year for the first # hours following sunrise. For latitude and longitude of Steamboat

Springs, Colorado.

data. For 20 cases listed in Table 2, the average time
required for destruction was 4 h and 35 min. An
exception was the inversion of 23 February 1978 in
the snow-covered Yampa Valley, since it was main-
tained all day, even though it underwent a clear evo-
lutionary cycle. The 19 October 1978 inversion in
the Eagle Valley also took an unusually long time
to be destroyed. This is probably due to the fact that
rain had fallen in the valley on the previous day. The
small range in the time required to break the inver-
sions may seem to be a curious result. After all, en-
ergy is required to break inversions, and one would
perhaps expect inversions to break more rapidly in
the summertime than in the winter when insolation
is weak. However, application of a standard radiation
model (Sellers, 1965) shows that the integrated (ex-
traterrestrial) solar flux on a horizontal surface at
the latitude of the experimental areas for the first
3%-5 h after sunrise varies only slightly with season,
except for a brief period around the winter solstice
(Fig. 6).

The rates of descent of the inversion top and ascent
of the CBL for a subset of the 21 case studies are
seen in Fig. 7 where the heights of these features are
plotted against time. The tops of the inversions de-
scend after sunrise in all of the cases studied, as
specified for Pattern 2 and 3 temperature structure
evolution. The rate of descent usually increases with
time, but in a few of the case studies, the inversion
descent rate remains nearly constant during much
of the inversion destruction period. This constant rate

of descent, previously described by Whiteman and
McKee (1977), is particularly marked for the 10
December 1975 inversion destruction in the Gore
Valley. Inversion descent in one of the case studies
was unusual. In the Yampa Valley on 9 August 1978,
the single example approximating Pattern 1 inversion
destruction observed in the experiments, the descent
of the inversion top was arrested ~4 h after sunrise
when the inversion top began to ascend. The main
feature of the inversion destruction on this day is the
growth of the CBL. From Table 2, most inversions
are broken in ~4': h, and the average inversion is
604 m deep initially. Since the inversion is broken
when the descending inversion top meets the as-
cending CBL at ~250 m above the valley floor, the
average rate of inversion descent is (604 — 250 m)/
4.5h =79 m h™'. The observed ascent of the CBL
from the valley floor typically begins ~1 h after sun-
rise. The rate of growth of the CBL over the valley
floor varies from site to site and from case to case,
but the average rate of ascent is ~250 m/3.5 h
= 71 m h™'. The CBL grows quickly initially, but
then the rate of growth usually decreases. This ten-
dency for a decrease in growth rate often occurs when
the CBL reaches a depth of ~50 m. The rate of CBL
ascent and inversion top descent increase signifi-
cantly just before the final destruction of the inver-
sion. This may be due to a sudden breakup or over-
turning of the shallow remnants of the elevated
inversion layer. The course of the two curves, con-
structed from intermittent balloon soundings, is usu-
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ally ill-defined at this critical point, since final de-
struction may take place abruptly.

Those familiar with the literature on mountain and
valley wind systems will note the resemblance be-
tween Fig. 7 and Davidson and Rao’s (1963) Fig. 9.
Davidson and Rao’s figure, derived from pilot balloon
observations of valley wind structure, showed the
descent of a boundary in the wind structure corre-
sponding in time and position to the inversion top
plotted in Fig. 7. Their boundary separated the down-
valley winds that prevailed within the valley, from
the winds aloft. The correspondence should not be
surprising since our observations show that winds
usually reverse, or at least shift direction at the top
of a valley inversion. Other aspects of the wind struc-
ture during inversion breakup proved interesting and
will be discussed in the next section.

6. Wind structure evolution during inversion breakup

Case study data presented in previous sections of
this paper have been analyzed primarily for infor-
mation on temperature structure evolution, rather
than for wind structure evolution. Wind structure
evolution is, in general, much more variable than
temperature structure evolution. Nevertheless, some
important relationships between wind and temper-
ature structures are apparent in the data. The de-
scription of the wind systems which follows relies
primarily on observations taken in the Eagle Valley
where tethered balloon data taken on vertical profiles
from the valley floor were supplemented by slope and
upper air wind observations.

In the valleys studied, nighttime winds blow down
the valleys. The speed of these down-valley flows
varies greatly from valley to valley. After sunrise,
upslope winds develop in CBLs that grow over the
side-walls, and up-floor' winds develop in the CBL
that grows over the valley floor. The down-valley
winds that were present at sunrise within the valley
inversion persist in the elevated remnants of the noc-
turnal inversion layer, hereafter called the “stable
core” of the valley atmosphere, during the inversion
destruction period. The neutral layer above the stable
core appears to be a convective boundary layer that
forms over the inclined mesoscale western slope of
the Rocky Mountains, i.e., a CBL which forms over
the elevated terrain into which the valley has been
eroded. The potential temperature of this layer in-

' The wind system terminology in this paper emphasizes the
essentially bi-directional nature of the local wind systems and their
relationship to the underlying terrain features. An “up-floor wind”
blows up the valley floor toward the head of a valley in a shallow
layer above the floor. This wind may be analogous to the daytime
component of Wagner’s (1938) “slope wind along the valley floor”.
An ‘“‘up-incline wind”’ blows up the inclined western slope of the
Rocky Mountains. The terms “up- and down-valley winds” and
“up- and down-slope winds” have their usual meanings.
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F1G. 8. Typical wind system development at mid-morning
during valley inversion breakup.

creases with time during the inversion breakup period
(see Table 2, column 13 for typical values of warm-
ing). Winds in this layer tend to blow up the inclined
western slope of the Rockies, but winds in the lower
part of the layer may be channeled along the axis
of the valley, especially late in the inversion breakup
period when the base of the neutral layer has ex-
tended downward into the valley. At the top of the
neutral layer is the boundary between the neutral
layer and the overlying free atmosphere. Winds in
the free atmosphere are forced by pressure gradients
on a scale extending beyond the mountainous area
and are relatively unaffected by the topography
below.

The dynamic, or changing, nature of the devel-
oping wind systems is to be emphasized. After sun-
rise, convective boundary layers grow upward from
sunlit topographic surfaces. The CBLs form over the
inclined slopes of the mountain range, the valley
sidewalls and the valley floor. The volume of the sta-
ble core, containing down-valley winds, continuously
decreases from sunrise until inversion destruction.
Once the stable core is destroyed, a deep CBL will
be present over all the mountain and valley terrain,
and the individual up-floor, up-valley and up-slope
flows are difficult to differentiate. At a time midway
through the inversion breakup cycle the typical wind
system patterns are as shown in Fig. 8.

Fig. 9 shows idealized temperature structure-wind
system relationships for this same time in terms of
vertical soundings taken from the valley floor. Not
shown in the figure is the up-slope wind system that
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F1G. 9. Typical correspondence between temperature and
wind structure during valley inversion breakup.

develops within CBLs that form over the valley

sidewalls.

" The slow upward growth of the along-floor wind
system, the persistence of the down-valley flow in the
middle reaches of the valley, and the development
and descent into the valley of the up-incline wind
system are all features of wind system evolution in
Colorado valleys that were not anticipated in early
conceptual models of wind system evolution (Wag-
ner, 1938; Defant, 1951) in ideal valleys. The well-
mixed neutral layer, in which up-incline winds pre-
vail, is a particularly intriguing observation. Addi-
tionally, the observations of the four local wind
systems provide a picture of valley wind system
evolution that is considerably more complicated than
generally expected. These initial observations point
out several significant features of valley wind sys-
tems. First, with weak upper level winds, the local
valley wind systems are forced thermodynamically
rather than being forced by momentum transport
from aloft. Second, sounding data indicate that the
simple concept of winds shifting to up-valley through
the valley depth shortly after sunrise is erroneous in
the valleys investigated. Wind observations from
anemometers on the valley floor would have sup-
ported this erroneous view, since winds in the shallow
CBL that develops over the valley floor reverse to
up-valley shortly after direct sunlight reaches the
floor. Finally, the four wind systems are similar in
that they develop in boundary layers that form over
inclined topographic surfaces.

The reader is referred to the paper by Whiteman
(1980) for further details about the local wind sys-
tems. Some features of the individual wind systems
will be discussed further by referring to data col-
lected in the experimental program. Three experi-
ments were conducted with dual-tethered balloon

JOURNAL OF APPLIED METEOROLOGY

VOLUME 21

systems in which observations were collected con-
currently from a mid-valley and mid-sidewall site.
The observations showed that the top of the tem-
perature inversion was nearly horizontal in the cross-
valley section. Upslope wind systems developed over
the sidewalls within convective boundary layers after
sunrise. Upslope flows on the south-facing slope of
the Eagle Valley attained maximum observed depths
of 140 m and up-valley wind components attained
maximum velocities of 3 m s™'. Wind and temper-
ature structure tended to be unsteady or time-variant
within these boundary layers. The descent of the top
of the inversion could be seen from the sidewall pro-
files.

A time-height cross section analysis of along-val-
ley wind components on 13 October 1977 is presented
in Fig. 10a as an example of the along-valley wind
structure evolution during inversion destruction. At
the experimental site, strong down-valley winds usu-
ally prevailed in the mid-levels of the valley all night
with occasional lulls in wind speeds. On 13 October
an apparent lull occurred around 0600 MST. The
data illustrate several of the features previously de-
scribed, including the upward growth from the valley
floor after sunrise of the up-floor wind regime, the
descent into the valley of channeled up-incline winds,
and the persistence of down-valley winds in the stable
core during inversion destruction. The persistence of
down-valley winds in the stable core for 3 or 4 h after
sunrise is a usual feature of the meteorology of this
valley. The strength of the down-valley flow, how-
ever, usually decreases steadily during this time until,
when the stable core becomes thin, a wind reversal
occurs and up-valley winds increase in strength. The
down-valley flow within the stable core is somewhat
steadier than indicated in Fig. 10a, since wind data
from both up- and down-soundings are contoured.
Fig. 10b is presented for completeness, showing the
time- and height-variant cross-valley wind compo-
nents on the same day.

Due to the limited vertical range of the tethered-
balloon data collection systems, it was necessary to
use upper-air sounding equipment to investigate the
vertical structure of the neutral layer. The analysis
of neutral-layer structure must be considered prelim-
inary, given the small number of such observations
available. Observations of neutral-layer development
are given in Fig. 11, which combines three obser-
vations taken on the morning of 14 October 1978
with a single observation taken in the late afternoon
of the previous day. No major air mass changes oc-
curred during the two days, and cloud cover was
similar, so the four soundings may be considered rep-
resentative of the evolution of the valley and moun-
tain atmospheric structure on a single day.

The first sounding of the morning, taken shortly
after sunrise, shows a strong inversion extending
from the surface to about ridgetop level. A 300 m
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Fic. 10. Time-height analysis of (a) along-valley

wind components and (b) cross-valley wind com-

ponents (both m s™') as determined from tethered balloon profiles taken from the floor of the Eagle
Valley on 13 October 1977. Positive along-valley components blow up the valley. Positive cross-valley
components blow from right to left when looking up the valley.

deep isothermal transition layer is present between
ridgetop level and the 3100 m MSL base of a neutral
layer. The neutral-layer base is at about the level of
the general topography surrounding the valley. The
top of the neutral layer is capped by a strong stability
layer that grades into the free atmosphere above. The
evolution of the individual temperature structure lay-
ers is apparent in the figure and, except for a tran-
sition layer, occurs as described above. The temper-
ature structure layers are closely related to wind
structure layers, as shown in the figure.

Some important conclusions can be drawn from
this set of data by focusing on the neutral-layer
growth. One interpretation of the data is as follows.
After sunrise, surface heat flux from the elevated
western slopes of the Rockies causes a CBL con-
taining up-incline winds to form over it. Heat flux
from the valley surfaces, however, is used to destroy
the powerful valley inversion. Only when the valley
inversion is destroyed can the valley atmosphere be-
come fully coupled with the CBL that has grown
above it. At this time the CBL’s over the valley floor
and sidewalls, and the stable core (and the transition
layer noted in the figure) are no longer distinguish-

able as separate layers, and the valley atmosphere
and the mountain atmosphere above merge into a
single CBL containing up-incline winds. These winds
may be channeled into the valleys as up-valley winds.
An important conclusion, given this scenario, is that
the coupling of the valley atmosphere to the free
atmosphere involves the development of an inter-
mediate layer.

7. Hypothesis

Warming of the valley atmosphere occurs in one
of three ways, as previously described for the three
inversion structure evolution patterns. For Pattern
1 inversion destruction over a plain an inversion is
broken as a CBL grows upward from the ground.
The increase in depth of the CBL and the increasing
potential temperature within it come from turbulent
sensible heat flux convergence and entrainment of
mass into the layer at its top through the action of
penetrative convective plumes (Ball, 1960; Stull,
1973). The energy available for sensible heat flux
depends on solar heat flux and the partitioning of
energy in the surface energy budget. The normal
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Fi1G. 11. Upper air soundings taken from the floor of the Eagle Valley during October 1978. Soundings 1-3 were taken
on October 14; sounding 4 was taken on October 13. Layers of temperature and wind structure are identified.

growth of the CBL can be retarded by divergence
of mass from the CBL or, equivalently, subsidence
at its top (Lilly, 1968; Tennekes, 1973). In the case
of inversion breakup in a deep valley following Pat-
terns 2 and 3, the warming of the valley atmosphere
is accomplished predominantly within the valley in-
version layer rather than in the CBL. The warming
rate can be approximated by 86/dt = —wd8/3z where
w is a negative number on the order of several cen-
timeters per second, and the warming occurs in a
layer of the vertical profiles where 36/3z does not
change significantly with time. These observations
suggest that warming of the deep valley atmosphere
occurs predominantly through subsidence. The ob-
servations therefore provide an independent, but in-
direct, verification of the sinking motions over the
valley center postulated by prior valley wind theories
(Wagner, 1938; Defant, 1951). A prior indirect con-
firmation of these motions was provided by Hindman
(1973) from observations of the breakup of a stratus
cloud deck in a California valley. Other investigators,
in the absence of direct or indirect measurements of
these sinking motions, have doubted their existence
in specific valleys [e.g., Buettner and Thyer (1966)
in the valleys of Mount Rainier, Washington, and
Urfer-Henneberger (1964) for the Dischma Valley
of Switzerland].

In the case of Pattern 2 and 3 inversion structure
evolution the growth of the CBL is retarded relative
to CBL growth over the plains (this is most easily
seen in the case of Pattern 2 evolution where the

CBL fails to grow after reaching a certain height)
and the warming of the CBL is slowed. If the rea-
sonable assumption is made that the energy budgets
over the valley floor and plains surfaces are similar
and that the surface sensible heat flux provides the
energy which warms the valley atmosphere, it is nec-
essary to explain why the valley floor CBL does not
warm faster than the CBL over the plains. After all,
a shallower layer is expected to warm more rapidly
than a deeper layer, given the same energy input.
The explanation for this discrepancy is, of course,
related to the valley topography which causes the
energy to be utilized in a fundamentally different
way to produce temperature changes in the valley
atmosphere. Over the plains the energy is used to
deepen and warm a convective boundary layer. In
a valley, as is shown schematically in Fig. 12, the
energy may be used to deepen and warm CBLs, but
it may also drive the slope flows that carry mass up
the sidewalls. Sensible heat flux from valley surfaces
causes a convective boundary layer to develop over
the valley floor and sidewalls. As over the plains,
mass and heat are entrained into these boundary lay-
ers from the stable core above. Convergence of heat
into the boundary layers warms the air mass within
them, causing an upslope flow to develop within the
boundary layers over the sidewalls. The divergence
of mass from the valley inversion in the upslope flows
requires energy, since parcels can be carried up the
slope only if they are warmed to the potential tem-
perature of the top of the inversion. From the prin-
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ciple of mass continuity and the assumption of no
mass convergence or divergence in the along-valley
direction, as mass is removed from the base of the
stable core and carried away in the upslope flows,
the stable core must sink. The evolution of the tem-
perature structure within the valley is thus charac-
terized by the development of convective boundary
layers above the valley surface, and sinking or down-
ward advection of the potential temperature struc-
ture in the stable core.

This hypothesis can explain many of the observed
structural features of the valley atmosphere. The
dependence on insolation explains why inversion de-
struction begins at sunrise. Following the hypothesis,
the morning temperature inversion represents an en-
ergy deficit that is overcome by continued input of
energy into the valley atmosphere. When the valley
is snow covered or wet, the available energy is re-
duced by high albedos or high latent heat. The hy-
pothesis explains the role of the CBLs that have been
observed to develop over the valley floor and sidewalls
and attributes their retarded growth to divergence
of mass from them, or, equivalently, to the strong
subsidence field superimposed on them. The hypoth-
esis also explains why the whole depth of the stable
core warms at the same rate while the temperature
gradient remains constant. The sinking of the stable
core can be explained on the basis of the mass con-
tinuity equation, where a slow sinking of the broad
stable core compensates for stronger rising motions
in the shallow boundary layers at its sides. Due to
the sinking motion in the stable core, the available
energy is utilized to warm the entire valley atmo-
sphere rather than to warm only a boundary layer
near the surfaces. Once the valley inversion is des-
troyed, any further sensible heat flux from the valley
surfaces supports the growth of a larger CBL over
the entire mountainous region.

8. Summary and conclusions

An extensive observational program was con-
ducted in valleys of western Colorado to determine
how the temperature structure of the valley atmo-
sphere evolves following sunrise during the time
when the nocturnal surface-based radiation inver-
stons are destroyed. Experiments were conducted
mainly in clear, undisturbed weather in valleys of
varied topography. A tethered balloon sounding sys-
tem was used to collect temperature, humidity, pres-
sure, wind speed and wind direction data.

At sunrise nocturnal inversions in most of the val-
leys were built up to about the level of the surround-
ing ridgetops. The average depth, based on 21 case
studies, was 604 m. Vertical potential temperature
gradients within the inversions averaged 0.0295 K
m™!, but ranged from 0.0187 to 0.0566 K m™'. The
strength and direction of prevailing winds aloft, as
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F1G. 12. Illustration of the hypothesis of inversion destruction.
On the right side of the diagram cross sections of a valley are
shown at times 1, 13, 13, ¢4 and f,. On the left are corresponding
potential temperature profiles as taken from the valley center. At
sunrise (#;) an inversion is present in the valley. At ¢,, a time after
sunlight has illuminated the valley floor and slopes, a growing CBL
is present over the valley surfaces. Mass and heat are entrained
into the CBLs from the stable core above and carried up the
sidewalls in the upslope flows. This results in a sinking of the stable
core and growth of the CBLs (¢; and t,) until the inversion is
broken (zp) and a turbulent well-mixed, neutral atmosphere pre-
vails through the valley depth.

determined from the Grand Junction, Colorado
morning rawinsonde sounding, had no demonstrable
effect on the characteristics of valley inversions and
the valley inversions showed much less variability
from day to day and season to season than inversions
over Grand Junction. This suggests that, at least for
a narrow range of synoptic conditions, valley topog-
raphy produces more consistent inversions, perhaps
by protecting them from the winds aloft.

When the along-valley winds were weak, the valley
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vertical potential temperature profiles frequently
were hyperbolic, especially near the ground. In most
valleys where along-valley winds were of at least
moderate strength, the inversion profiles were nearly
linear with height.

Temperature inversions in all of the valleys inves-
tigated were destroyed after sunrise following one of
three patterns of temperature structure evolution.
The first pattern, observed in the widest valley stud-
ied, approximates inversion destruction over flat ter-
rain, in which the nocturnal inversion is destroyed
after sunrise by the upward growth from the ground
of a warming convective boundary layer. The second
pattern, observed in snow-covered valleys, differs sig-
nificantly from the first. Here the growth of the CBL,
which begins after sunrise, is arrested once the CBL
has attained a depth of 25-50 m. The inversion is
then destroyed as the top of the nocturnal inversion
descends into the valley. Successive profiles of the
valley atmosphere show a warming consistent with
a simple subsidence of the previous profiles. The third
pattern of temperature structure evolution, being a
more general case of the first and second patterns,
"~ was observed in all the valleys when snow cover was
not present and describes the majority of case studies
observed in field experiments. Following this pattern,
inversions are destroyed by two processes: the con-
tinuous upward growth from the valley floor of a
warming CBL and the continuous descent of the top
of the nocturnal temperature inversion. Warming of
the elevated inversion layer above the CBL is con-
sistent with a simple subsidence of the previous pro-
files. In the Colorado valleys studied, the time re-
quired to break an inversion and establish a neutral
atmosphere within the valley was typically 3%2-5
hours after sunrise. Temperature structure evolution
during clear, undisturbed weather was surprisingly
uniform from day to day and season to season. Thus,
in future work, one may be fairly confident of ob-
serving typical inversion breakup during short field
studies in undisturbed weather.

The common element of all three patterns of tem-
perature structure evolution is the development of
a CBL over the valley floor after it is illuminated by
direct sunlight. Observations taken from the sidewall
of one valley also show the development of a CBL
after direct sunlight illuminates the sidewall. Due to
the shading effects of surrounding topography, the
different valley surfaces can be illuminated at sig-
nificantly different times, thus affecting the initiation
of CBL growth. The temperature structure of the
sidewall CBL is similar to that of the CBL over the
valley floor, but winds blow up the sidewall CBL at
speeds of up to 3 m s™'.

Five different temperature structure layers have
been observed during the inversion destruction pe-
riod. Above the valley floor CBL and the sidewall
CBL just mentioned is the stable core of the potential
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temperature inversion. A neutral stability layer
above the stable core appears to be part of a larger
scale convective boundary layer that forms over the
Western Slope of the Rocky Mountains. Above this
layer is the free atmosphere, characterized by a more
stable temperature structure.

Each of the five temperature structure layers,
while identified primarily by their potential temper-
ature structure, can also be identified by the winds
that prevail within them. During inversion destruc-
tion, the CBLs over the valley floor and sidewalls
contain winds which blow up the floor of the valley
and up the slopes. The CBL, or neutral layer, above
the valley inversion has winds which blow up the
inclined Western Slope of the Rocky Mountains dur-
ing the day. Winds in the stable core typically con-
tinue to blow down-valley after sunrise until the sta-
ble core is nearly destroyed. Winds in the stable free
atmosphere may blow from any direction with speeds
determined by synoptic-scale pressure gradients. A
great variability was observed from day to day and
from valley to valley in the wind structure within the
free atmosphere, the neutral layer, the stable core,
and the valley floor CBL. Despite this variability in
the strength and timing of reversal of the winds, the
temperature structure evolved uniformly from day
to day.

On the basis of the wind and temperature obser-
vations summarized above, an hypothesis has been
developed to explain the temperature structure evo-
lution. Since energy is required to change the tem-
perature structure, and the changes begin at sunrise,

“it is reasonable to hypothesize that solar radiation

is the driving force. A fraction of the solar radiation,
received on the valley floor and sidewalls, is converted
to the sensible heat flux that provides energy to the
valley atmosphere. Sensible heat flux from a surface,
as over flat terrain, causes a convective boundary
layer to develop over the surface. Mass and heat are
entrained into the CBL from the stable core above.
Mass entrained into the valley floor and sidewall
CBLs, however, is carried from the valley in the up-
slope flows that develop in the convective boundary
layers over the sidewalls. This removal of mass from
the base and sides of the stable core causes the el-
evated inversion to sink deeper into the valley and
to warm adiabatically due to subsidence, and de-
creases the rate of growth of the CBLs. Following
this hypothesis, the rate of warming depends directly
on the rate of energy input into the valley atmo-
sphere. This energy may be used to deepen the CBLs
or to move mass up the sidewalls, allowing the stable
core to sink.
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