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Summary

The development of temperature inversion and wind
structure in Colorado’s Eagle Valley was investigated by
means of tethered balloon ascents made during the late
afternoon and evening of 15 October 1978. Strong
cooling of the valley atmosphere began after 1630 MST.
The mean rate of energy loss from a 1 m-thick cross
section of the valley atmosphere during the 4 h period
of observations was 1.23 MW. The zone of maximum
rate of energy loss propagated upwards from the valley
floor after 1630 MST and was accompanied by dis-
tinctive structures in both the temperature and wind
fields. Transport of cold air in the downslope flows
over the sidewalls is thought to play a major role in
causing the rapid growth (250 m/h) in temperature
inversion depth and the strong cooling of the atmo-
sphere in the early stages of the evening transition
period. '

Zusammenfassung

Der Aufbau einer Temperaturinversion im Eagle Valley
von Colorado

Die Entwicklung von Temperaturinversion und Wind-
struktur im Eagle Valley von Colerado wurde mittels
Fesselballonaufstiegen untersucht. Diese Ballonaufstiege
wurden am spiten Nachmittag und Abend des 15.0ktober

* Contribution no. PNL-SA-13718. A slightly modi-
fied version of a paper presented at the American
Meteorological Society’s Second Conference on Mountain
Meteorology at Steamboat Springs, Colorado, in
November 1981.

1978 durchgefithrt. Nach 1630 MST setzte eine starke
Abkiihlung der Talatmosphire ein. Die mittlere Rate des
Energieverlustes wihrend des vierstindigen Beobach-
tungszeitraumes von einem 1 m starken Querschnitt der
Talatmosphire war 1.23 MW. Die Zone der maximalen
Energieverlustrate breitete sich nach 1630 MST vom
Talboden nach oben aus, wobei sie von charakteristi-
schen Temperatur- und Windfeldstrukturen begleitet
wurde. Man nimmt an, da der Transport von kalter
Luft in den Abhangstrémungen iiber die Seitenwinde
bei der Verursachung des raschen Anwachsens (250 m/h)
der Michtigkeit - der Temperaturinversion und der
starken Abkithlung der Atmosphire in den frithen
Stadien der abendlichen Ubergangsperiode eine bedeu-
tende Rolle spielt.

1. Introduction

The buildup of temperature inversions and the
development of the nighttime local wind sys-
tem is of increasing interest in studies of air
pollution potential in complex terrain areas.
In the Rocky Mountains of western Colorado,
the high elevation and continentality of the-
climate result in strong diumal changes in
atmospheric structure during clear weather
periods. Observations of these diurnal changes,
which are well marked in this climate setting,
allow the investigation of physical mechanisms
by which mass and thermal energy are trans-
ferred in the valley atmosphere. In the present
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paper, we analyze the buildup of temperature
inversions and the development of nocturnal
drainage wind systems in ~Colorado’s Eagle
Valley using tethered balloon observations,
and we draw some initial conclusions concermn-
ing the mass and thermal energy transfers in
the valley atmosphere.

2. Case Study of 15 October 1978

Tethered balloon profiles taken in the 700 m-
deep Eagle Valley during a 4 h period in the
afternoon and evening of 15 October 1978 il-
lustrate the normal evolution of valley temper-
ature and wind structure during inversion
formation (Fig. 1). Observations were taken .
from a valley floor site (38°38'23"N, 10634’
33"W, 2222 m elevation) - near Edwards,
Colorado, where the valley floor is 1450 m wide
and the sidewall slopes are 10° (south-facing
slope) and 21° (north-facing slope). Further
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details on the topography of the valley and the
location of the site have been published by
Whiteman (1982). Skies were clear and the
atmosphere undisturbed, with a high-pressure
cell over the western U.S. and weak upper-
level winds. Late afternoon winds at the 700 mb
level (i.e., at an elevation 955 m above the
valley floor site) were from 265° at 7 m/s at
Grand Junction, Colorado, the nearest National
Weather Service upper-air sounding site, located
180 km westsouthwest of Edwards, Colorado.

2.1 Winds and Potential Temperature
Structure Evolution

In the afternoon a deep convective boundary
layer is normally present over the western slope
of the Colorado Rocky Mountains. Soundings
from the floor of the Eagle Valley at this time
usually show a deep adiabatic, or constant
potential temperature, atmosphere containing

. up-valley winds with little variation in speed or

direction with height. In the Eagle Valley on
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Fig. 1. Sequential tethered balloon profiles of potential temperature and winds during the evening of 15 October 1978
in the ‘Eagle Valley. Vector winds are plotted as a function of height; vector lengths correspond to wind speeds (see
wind speed legend). The up-valley direction is given for reference. The time intervals over which the up (U) and down
(D) soundings were conducted are given in the table. The solid lines in the wind profiles delineate the boundaries of the

+~wind transition layer
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15 October a convective boundary layer was
present and warmed during the afternoon to a
maximum ' potential temperature of 314 K at
‘about 1630 MST (the time of maximum heating
"~ was determined from a thermograph and is not
shown in. Fig. 1). Winds in the valley were up-

valley at about 3 m/s. The cooling that began

at the valley floor at 1630 MST occurred near
the time when valley surfaces first became
shaded, or when the surface sensible heat flux
became negative. At this time, nearsurface air
in the valley begins to cool and cold air begins
to flow down the sidewalls. Thus, by the first
soudning, at 1702 MST, an appreciable depth
(125 m) of cold air was already present over
the valley floor when it was still illuminated by
sunlight. The energy budget at the surface had
evidently reversed by this time, since the ground
was cooler than the atmosphere immediately
adjacent to it. Thus, in addition to the cold air
drainage onto the valley floor, the air over the
valley floor is cooled by turbulent heat transport
from the atmospheric surface layer to the
ground. :

The surface energy balance at this time would

be characterized by a net loss of all-wave radi-

ation balanced by sensible heat transfer towards
the surface and upward ground heat flux.
Latent - heat flux is assumed to be negligible
under the dry surface conditions observed. The
valley atmosphere is also cooled by radiative
flux divergence. The first indication in the wind
profiles of inversion buildup was a decrease in
up-valley wind speeds near the ground followed

by weak cross-valley breezes. Further cooling:

and an increase in the depth of the surface-based
inversion are apparent in subsequent soundings,
taken after the valley floor became shaded at
1715 MST. The rapid buildup occurs as down-
valley winds are initiated within the inversion
layer. The inversion and down-valiey flow layers
propagate upwards at speeds of 250 m/h over
the first 1—-1/2 h of observation, but then the
rate of propagation slows.

'~ Winds in the down-valley flow regime are
quite strong in the center of the layer (up to
'8 or 9 m/s) but decrease as the ground or the
top of the layer are approached. At the top of
the down-valley flow a 50 m-deep transition
layer separates the down-valley flow from the

up-valley flows that persist aloft. The wing
transition layer contains weak winds with ap-
preciable cross-valley components and corre.
sponds closely to an intense stable layer ip
the temperature profiles. This thin, intenge
stable layer is called the “inversion cap” ip
subsequent paragraphs. By 2100 MST the up.-
valley winds are no longer present in the upper
levels of the valley, having been replaced by
light winds of variable direction. Af this time
the valley winds are completely decoupled
from the prevailing flows above the valley
ridge tops.
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Fig. 2. Schematic diagram showing persistent layers
and features in the evening potential temperature profiles

The interrelationships between layers in the
wind and temperature profiles are to be empha-
sized, since they are a regular feature in the
Eagle Valley. Down-valley winds typically pre-
vail within the surface-based inversion, while
winds in the neutral layer above the growing
valley inversion typically maintain their late
afternoon up-valley flow and decrease in speed
during the period of inversion buildup. Especial-
ly noteworthy in the Eagle Valley soundings are
the presence of special structural features in the
temperature profiles, some of which correspond
to features in the wind profiles. These features
can be followed from sounding to sounding in
Fig. 1. The nomenclature used to refer to these
features is given in the schematic diagram of
Fig. 2. An intriguing feature of consecutive
potential temperature profiles on 15 October
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(a feature observed on other nights in this valley
and in other valleys as well) is the upward pro-
pagation of the inversion cap. The cap, which
corresponds in height to the transition layer
observed in the wind profiles, retains its charac-
teristic shape and potential temperature from
profile to profile, until attaining an elevation of
500 to 600 m above the valley floor. One
possible explanation for the vertical propagation
of the inversion cap is its upwards transport by
rising motions over the valley center. Following
this explanation, potential temperatures above
the inversion cap change with time due to
adiabatic vertical advection. The change in
temperature structure caused by this mechanism
alone is indicated in Fig. 2 by the two curves
labeled ¢, and ¢,. Such ascending motions have
been predicted by previous investigators
(Wagner 1938; Defant 1949) but have never
been directly measured. If this is the explanation
for the inversion cap’s ascent, it is necessary to
postulate a mechanism for mass convergence
below the inversion cap. Downslope flows

from the valley sidewalls (Fig. 3) can provide

the required mass convergence mechanism,
if parcels in these flows have temperature
deficits larger than the temperature jump
across the inversion cap and if their volume
flux is sufficient to provide enough mass
convergence below the inversion cap to
account for the rise of the inversion cap at the
observed rate. For the geometry of the Eagle
Valley, the required volume flux from the
downslope flows, if this were the only mechanism
operating, would be about 1 60 m? /s. Thisvolume
flux could be met, for example, by 80 m-deep
slope flows on each sidewall having downslope
velocities of 1 m/s. Other mechanisms operating

in the valley atmosphere, such as radiative flux

divergence and turbulent heat transport towards
the ground, would decrease the slope flow
volume flux requirements, since these processes
act independently to. produce a. growing in-
version layer. It is difficult, on the basis of the
data at hand, to determine the relative im-
portance of individual physical processes in
_causing inversion growth, but the observations
seem to support the conclusion that transport
of cold air in the downslope flows plays a maJor
role : »

The constant-0 layer, which corresponds to
the top portion of the down-valley flow regime
in the wind profiles, tends to increase in depth
with successive soundings. Wind speed shear is
characteristic of this layer, and wind directions
are decidedly cross-valley, indicating flow off
the extensive, non wooded, south-facing side-
wall. This cross-valley flow persists until about
1900 MST, and its decay corresponds in time
to the decay of the constant-f layer and the
disappearance of the inversion cap. A tentative
conclusion from the observations is that down-
slope flows from the valley sidewalls above the

Fig. 3. Mass convergence below the inversion cap from
the slope flow layers

level of the inversion top are mixed into the
valley inversion below the inversion cap in the
constant-0 layer.

The surface layer undergoes an extremely
rapid cooling initially, but its cooling rate slows
with time and its depth increases with time

-until, near the end of the 4 h period of ob-

servations, it makes up nearly the entire depth
of the valley atmosphere. Cooling rates in this
and other layers prove interesting and will be
discussed in the next subsection.

2.2 The Cooling of the Valley Atmosphere
Cooling of an air mass, no matter how it is

~ accomplished, represents an energy loss from
the mass. The energy loss from a height layer,

z, to z,, over a time interval 6¢ can be calcu-
lated from consecutive vertical temperature
profiles by observing the temperature change
between profiles as a function of height, 6 7(z),
through the depth of the layer. Calculations can -
be made assuming 1) that the vertical profiles
are representative of a vertical column extending
above the observation site (Fig. 4a), or 2) that
the vertical profiles are representative of the full
width of the valley (Fig. 4b).
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Fig. 4. Geometric scheme used in the calculation of
valley energy loss. In (a), observations are considered
to be representative of energy loss in a unit vertical
column; in (b), observations are considered to be repre-
sentative of the ennre valley width at the height level
considered

The rate of loss of energy, F, can then be
calculated from the First Law of Thermo.-
dynamics as follows :

.
Eif HaT(z)'dxdydz sl
z; 0 0
or
c
F2=—~—‘§~— fﬁT(z)dxdydz [3/s1,
5y 0
he -_L__z =L -
Where vz 2 tanoy YR ™3 tana, ’

¢p is the specific heat of dry air, p is the average
density in the layer, / is the valley floor width,
and «, and «, are the slope angles of the side-
walls. F;. and F, for 15 October, calculated
numerically from temperature profile data, are
presented for 50 m height intervals in Fig. 5.
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Fig. 5. Valley energy losses F, and F), calculated according to Eqs. (1) and (2) for 15 October
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For reference, a 50 m-deep layer in. a unit
column cooling by 1 C in 1 h has an energy loss
rate, F;,of 14 J/sor 14 W.

The greatest rate of loss of energy from the
valley atmosphere occurs early in the inversion
formation cycle in the layer nearest the valley
floor. The zone of rapid energy loss subsequent-
ly propagates upwards from the surface, pro-

ducing the greatest energy losses just below the .

inversion cap as it ascends. The full significance
of this cooling relative to the volume of the
valley atmosphere is most clearly seen in F,
calculations in Fig. 5. A smaller secondary
maximum in the rate of energy loss occurs near
the top of the growing surface layer.
Calculations of energy loss for the complete

cross section made over the 4 h period of ob-.

servations through a depth of 750 m reveal
that the average rate of energy loss in the
I m-thick cross section was 1.23 MJ/s. The
corresponding number for the unit column
was 323 J/s. Some interesting observations of
valley energy loss from the time of inversion
formation to sunrise (not shown here) indicate
that the total energy loss from the upper levels
of the valley atmosphere is actually greater than
the loss from the surface layers, This greater loss

is possible despite the greater cooling near the

ground, because of the larger mass of air in the
upper levels. '

3. Discussion and Conclusions

A case study of temperature inversion buildup
and down-valley wind system development was
conducted for the Eagle Valley using obser-
vations taken during the afternoon and evening
period of 15 October 1978. Temperature ‘in-
version buildup began about 45 min before
astronomical sunset (i.e., at 1630 MST). The
depth of the inversion increased rapidly, with
average growth rates of 250 m/h during the first

1-1/2 h of.the inversion -buildup period. The -

inversion extended through the entire valley

depth by 2000 to 2100 MST, and the mean

rate -of energy loss from a 1 m-thick cross
section of the valley atmosphere during the 4 h
inversion - buildup period- was 1.23 MW. The
- energy loss can be due to a number of physical

processes including sensible heat flux, radiative
flux divergence, and cold air advection by the
down-valley and down-slope flows. Redistri-
bution of the cooling within the valley may
also be accomplished by vertical motions
(Hennemuth 1986). :

A zone of maximum rate of energy loss propa-
gated upwards from the valley floor after 1630
MST and was accompanied by distinctive
structures in both the temperature and wind
fields. A persistent zone of intense stability was
observed at the top of the growing inversion
layer. This inversion cap corresponded in height
to a wind reversal zone. The zone itself was
characterized by weak winds of variable direc-
tion. Below this ascending zone were strong (up
to 7 m/s) down-valley winds, while above it up-
valley winds persisted. The temperature jump at
the inversion cap weakened as the cap ascended.
A zone of strong cooling under the inversion cap
appears to be best explained by ascent of the
cap itself (i.e., temperatures change because of

~vertical advection). The rising of the cap requires

that there be mass convergence below the cap.
This mass convergence could be caused by con-
vergence of the downslope flows from the two
sidewalls below the level of the inversion cap.
A well-developed cross-valley flow occurred in
a constant potential temperature layer just
below the inversion cap, suggesting that the mass
convergence required for inversion cap ascent
occurs here. This observation suggests that
downslope flows separate from the two sidewalls
and produce horizontal mass flux convergence
just below the rising inversion top. This process
should be thought of as discontinuous or sto-
chastic, since the slope flows would not be ex-

-pected to flow out into the valley center as a

steady stréam. Thus, we tentatively conclude
that, during the inversion buildup period, down-
slope flows are not continuous. That is, parcels
of air carried in the downslope flows high on the
sidewalls are typically not carried all the way
down the slope to the valley floor to converge
near the center of the valley floor. Rather,
parcels in the downslope flow layers are mixed
into the inversion layer from the valley slope
flows when they attain their level of buoyancy
equilibrium. This mixing occurs just below the
inversion cap because the parcels encounter a
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sudden temperature jump (decrease) when
descending through the level of the rising
inversion cap.. '

The limited "amount of data available for
the Eagle Valley case study does not allow us to
investigate along-valley atmospheric. structure,
nor can we be confident that the slope flows are
performing as postulated. The hypothesis
developed above seems plausible and is con-
sistent with the data but will have to be tested
using a more complete data set or numerical
models. The implications of the hypothesis for
air pollution dispersion in valleys during the
inversion  buildup period seem significant.
If the hypothesis is correct, pollutants emitted
in the downslope flows will be mixed effective-
ly through the valley volume rather than being
carried down the slopes to the valley floor.
Thus, we suggest that further and more complete
observational programs be conducted and that
simulations be performed with numerical models
that include the appropriate physics.
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