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A telhered balloon sound* was used to collecl venlcal lemperalure and wi'rd slrwlure
dara 1n rhe Gore River Valley of Weslern Cololado during Decenrber. i9?5 Observatio.s
llken on a clear moming in whi.h a deep inveAjon was nrlrally present in the valley
showed rhal  the 1n!esio.  top descended at  a s leady rate of^110 nr hr ' .  Fa.hing the
valley bollonr after approxnnately 4 houn. Weak do{rrxiley Birds were pre$fl withir
the inv{sion 1ay{ while stronser up valley wnrds prevalled above. A hypothesn n pre

sented to accourl fo. thcse obse.valions A cdse study is pr$rled for rft*noon and
evening cooling in rvhich a ground'bded invesion deleloped ro a deplh of l?5 m less
than : hous. winds wilhin the inveNion becane decoupled fiom nle synoptic{cale winds
and renui,rd v{y weak during fte .igh1. The effect ofclo!d cov* dui8 a norning
heatins cycle w.s to make the temperature soundings approach isothemll whi1. s.n.
,bk tea rng.o.r 'nued.h'ou8Jro.r ' l .e\dl l " )  .o1u,, , "

Beobachtungen der venik.len atnosplbdFhen Strukiur in ehem tiefen Gebirestal

Inr Dezember l9r5 wurden durch eine F$slbatlonsonde die vertikalen Temperalur und
Windprcfile in Goie River valley im w{tlichen ColoBdo ermittell Aus Beobachtunger
an enrem wolkenlosen Morgen bo ein{ anfangs stdkei Invenion in Tal zeigre sich, ddfi
d ie lnvesionsobergref lze s let ig um 120 n Std.- 'absnkundnachhge| i ihrv ierSlunden
den TalSrund tureichre. Sdlwache Talabwinde wehten inn{halb d{ Irle$ion$drichl.
wiihrend sta,rkere Tal.ufwinde oberh3lb d*slben lt{schlen. Erne Hypothese wird vor
geschhgen, unr dkse B.oblchtung.n zu erkhre.. Die Abkirhlung am sPilen Nachmitlag
und an Abend, wobei die Bildung einer In!{sion ei$etz1e, deren Schichldicke in
weniser als zwci Stulden I?5 m bertug. ist Cegensland einer gesonderten Unresu.hung.
Wlnde innerhalb d{ Invenionschicht wurden nicht mehrlon den winden in der ireien
Atmosph;'re beeinflu$l und blieben itu Laufe d* Nacht shr shwach Bewolkunswah-
rend d* ENiimunsspqiode an eincn Molgen hatle zur Folge. da$ ds Tenpemtuipro
filsich lsothennie niiherte, inde.i Erwai,nung gleichmiigi8 iD ga!zen Luftraln desTals
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Evolution of atmospheric tenperature struciure in the free air within moun_
tain valleys has rarely been studied over the years despite its obvious signifi-
crnce to val ley ai f  pol lut ion dispersion problems i l2,7l .  Hewson and Gi l l  [8]
investigltcd tenrpeflrture structure evolution by utilizing instrunlented rir
.raft and a larse tethe.ed balLoons to collect temperature data in the wide
( olunbi !  Rlver V.r l ley in connect jon wi th an lnvest is, l t ion of  a i r  pol lut ion

tiom a lead and zinc sn1elter. The observations. concent.atinc on tempera-
ture structure changes leading to post-sunrlse fumigations, were taken during
4 exper jmental  per iods dur ing two days in 1939 Resul ts indicated that in-
version breakup could occur within a 3 hour period and that investigations
of this phenomenon would require more liequent obseryations than could
be att.rjned with their experimental design.
In a recen! study. Machalek u0l took a lnourly series of temperiture prollle

measurements on good weather days in the narrow Mtirz Valley of Ausirin
using a rethered balloon sounder. Several significant features of temperature
structure evolution were obseNed durlng the experiment. These Itarures
were presented in the fonn of  a c$e srudy (14-:5 March. 1973) and
include: I )  lhe in l t ia ldevelopment of  a surface based inversion as ear ly as
l400local  t ime (LT),  2)  lhe sradual  bui ld-up of  inversion deprh through the
nisht until it reached 500 m ai 0600 LT and had !tta'ned a temperature
differcnce of almost 7"C, and, 3) the dissipation ol the inversion m the hours
between sunr ise and noon accompl ished by two processes the heat ing of
lhe ground by insolation and the Iowerins of the upper boundary of the in

Valley wlnd structure and evolutron, in contrast to temperature structure
and evolution, have been extensively studied by numerous investigdtors. The
initial impetus for these sludies was to gain a belter undcrstanding of the
locai wind cjrculations drat are such a prominenl feature of the climatology
of valley sltes. Investigations include those of Waenef u 6l, Hewson and Gill [8 ].
Defant 16l ,  Davidson and Rao t4,51, Buct iner and Thyef 13l .  Tyson and

Preston-Whlte I I 5]. .rnd others.
An investigation in which simultaneous temperature and wind observatiotls
werc made was reported by Thonpson t l4 l .  Thonpson at tempted to obt i in
dctailed inlbrmation on the 3ninensional development rnd structure of
temperature inversions near the mouth of Red Butte Canyon in northern
Utah by taking summer observations iiom a network of five jnstrumented

lowers. The towers were ofrisufficient heisht to allow observation of the
conpiete inversion structure exccpt during a brief period ir late afternoon
when thc inversion was.just besinling to forn]. but provided importanl
infonnation on thc structure in the lowest levels of the crnyon. I'lis sumnlary
of the sisnificaD t fea tu res o bserved nrclud ed: I ) t he forna tion of a thin ltyer
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of downslope winds .rn hour or two before astronomical sunset. t) d definite
windshitt to down-valley winds during a ten nrinute perjod near sunser,
tbllowed by a period of rapid coolins and increase in windspeed, and
3) quasfsteady wind ind little cooling wirhin the first hour after rhe wind
shift, while ftodcrate cooling occurred outslde the canyon for several

ln this paper a series of simultrneous observarions of temperarure and wind
siructure are presenied fbr the free air within a deep nountain valley in rhe
Western Colorado Rocky Mountanrs. A case stLrdy, conducted over a I t/l
day period. illustrates the evolution of, and interrelationships berween wind
and lemperature structures obsered durins a clear,lisht wind pedod. Such
perjods occur frequently in many mouDtain areas of rhc wortd and are of
concern because thcy frequently iead ro the buildup of deep remperarure
rnversrons, poor mixins conditions, and high air poltution potential.

2.  Datr

An expe nent was conducted ln the core River Valley ofWestern Colorado
dur ins the per iod December 3 18, 1975. Dur ins th js exper imenr,  obser-
vations of vertical atmospheric structure within the valley were raken during
trequenl (- I'hour) lntervals during clear, lishfwind weather perjods usins
a tcthered balloon proliler which has been described by Morrh et al. Il I I.
The profiler teicmetered dry and wet (or ice) bulb tenperature, wind speed.
wind direction, and pressufe data io a ground based receiving sration where
the data were recorded.
The localion of the field site whcre profiler observations we.e taken is
showninFis.  1.The toposraphic map shows the senerai  E W or ientat ion
of the valley, its orisin in the hish peaks ('3950 m) of rhe core Range,
aDd its confluence with the Eagle River Valley below rhe internationally-
known skj reso.t of Vail, Colomdo. The va ey enrers a relatjvely consrric
ied canyon just above this confluence.
Thc observauon si te was located ar West Vai l ,  I8mabovetheval ley boftonr
on a SE-facing slope at aD elevation of 2426 n MSL. A topocraplic cross
sectron normal to the valley ai the profiler site js presented in Fis. 2 and rhe
toposraphic characteristics of the valley in the vicinity of the profiter site
are the width ofvalley floor 0.6 kn, the distance between ridge lines 4.5 km,
thc lensth of vallcy 28.0 km, the heisht ofridse line above valley floor 0.6 km,
the stope of valley floor 0.02. During the perjod of rhe experinent the
south-facins valley walls had a patchy cover of snow. The upper reaches of
the south-facins slopes were covered wirh evergreen and aspen forests whilc
the Iower reaches were scattcred with shrubs and the draws were filted with
aspen stltnds. The north facjng slopes had mo.e snow cover and contatned
m'xed evergreen and aspen forests.
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A period of fine weather occured on 9 and 10 December and a series ofob-
servations w€re taken to document the evolution of free air temperatDre
structure. Durins this period a Great Basin high associated with a ridge aloft
was slowly weakening. Cehtrat pressures dropped from 1029 mb on the 9th
at I200 CMT to l0l7 mb on the I  l th at 0000 GMT. The 500 mb winds at
the besinnins of the period were from 325' at 18 m sec I and shifted gradually
to 2850 at 19 m sec ' at the end of the period with the approach of a short-
wave trough. Winds at 700 mb were 335" at l1 m sec ' shiftins to 225" at
6 rn sec I at the ead of the period. Temperatures at 500 and 700 nb rose
less than 3'C during the 36-hour pe od, indicating only weak warm air

I o.s
9

- l  o |  2
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Fis. 2. Topoglaphic {os seclion AA' throud the balloor profiler site normal to fte

Fiss. I 5 present tethercd balloon temperature and wind profiles for the
Corc River Valley site during this pedod. The profiles presented, with the
exception of the dotted prolile in Fis. 5, are profiles taken durins balloon
lsccnt. Ascent rates rveraged ̂-0.4 In sec-r but usually decreased rnarkedly
near the top of the soundins as the balloon was required to lift more line.
Teniperature data is plotied with 0.25oC resolution; wjnd speed data is
plotted to the nearest 0.5 m sec I usins the convenlion that one barb corres-
ponds to wind speeds of I m sec t. Wind direction data. plotted to the nearest
5' relative to true north, were obiained instrumentally from the orientation
of lhc 1ong. cig'ar shaped balloon which carries the instrLrment package.
Winds are plotted at irresular intewals on rhe profiles corresponding to
po r |  .  wh0rc s i  rJ \pceJ or d re\ r ior Fclds (hange dpprecisb y

3. Dat, Analysh rnd Discussion

Three separate periods of evolution ofatmosphe.ic structure were obser-
ved in the valley during the case stldy. The three periods, presented in the
following sections, include a mornins wamins with cloud cover, an evening
coolins leadins to a strons temperature invenion, and a momins warmins
under clear skies with a strong temperature inversion in the valley.
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3.1 ,lalmitry Cvtle of 9 December

Fig. 3 presents data for the warrning cycle of 9 December. In early morning
the sky was overcast with aitocumulus. Breaks in the overcast appeared and
the deck broke up rapjdly between 1000 and I I 00 MST. Clear skies then
prevaiied fbr the remainder of the case study period. Durins the cloudy
period. warmins occurred within the valley voiume whlle the lndlvidual

;
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Fig. 3 Teth*ed balloon soundings.9 Decdnb*, l9?5. Tenrperature soundings tre shown
lbr die times (MST) indicated. Wind direclions and speeds are supe mposd on rhe
tenperarure soundings. A single b&b indicates I nr sec I . Triangle indicatcs 5 nr sec I

TL e J,y adub, ' ,  ldp.e ,a 'e ( Id)  .  Btre 'J,  eq enc.

soundings rcmiiDed cssentially isothermal. Weak down-valley winds occur-
red duriis thjs period ihroush nrost ol the lowest 350 m of the soundinss,
with wind speeds near the threshold speed of the 3-cup anemometer
(-0.5 n sec '). Wind directions were up valley in a shallow layer near the
val ley boLlonr.  W.!k w€ster ly winds were obsened near the tops of  the
profilcs of the nid morning soundings. tudicating a wind direction tran-
sition to up-valley or sradient level winds.
A l80-degree wind reversal occuned through the depth of the sounding
in the period between 1126 and 1207 MST and stronser winds appeared
to dcscend into the valley fron aioft. The temperaiure profile becane dry-

9 DECEIVIBER
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adiabaric in the upper levels (above-300 n) of the 1207 MST soundins,
but retained an isothermai shape below. As the heatins cycle continued,
soundings became more nearly dry-adiabatic and stronser winds were obser-
ved deeper jn the valley.
Wind djreciion near the valley floor is influenced by weak slope wiid cir-
culations and the effect of friction and obstacles to the flow. The wind
reversal in the main valley air nass in thus best observed at some distance
above the valley bottom.

ve ical Atnospheiic Structure in a Deep Mountain Valley 45
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3.2 Coolins Cycle of 9 Decembel

Fis. 4 shows the cooling cycle of 9 December. Cooling within the valiey
began before 1500 MST. The 1500 MST prcfile shows a 100 m deep iso-
thermal layer surmounted by a layer of near-neutral stability. By I 600 MST
the n€utral layer had cooled by I'C and a I .5"C ground-based inversion was
present in the lowest 100 meters of the valley. By 1600 MST winds within
the inversion layer had decreased in strensth relative to the 1500 MST soun-
dins, although maintaining the up-valley di(ection prevalent in the neutral
stability layer above. The 1640 MST observation shows a 175 rn deep surface-
based inversion surmounted by an isothermai layer which extends to 375 m
with an unstable layer above. Winds within the surface-based inversion layer

DECEMBER 975
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had become elTectively decoupled from the upper level flow by this

Observations taken later in the evenins show iittle chanse in the seneral
features of the 1640 MST tempcfature sounding, although details of the
upper portions of the valley could not be determined due to the ljmited
.anse ofthe balloon sounder. By 2046 MST the lnversion Iayer deepened
slisl1tly to 225 n1 and the winds reversed to down-valley throushout the
enti.e soundins. Temperature soundinss after 1640 MST dre parallel in
general fbrn and show remarkably constant cooiins rates throush the entire
depth of the soundins. It is interestins to note ihat Kuo [9] has nadc the same
observation lor nishftine cooling rates in the lowest several hundred neters
of the annosphere ovef O'Neill, Nebraska, where the terrain is fllt.

3.3 InNe6ian Rrcakup

Fig. 5 illustrates the evoiution of the wind and iernpefature structurcs
throush an entife daytime heatins cycle in clear weather, and shows detalls
of the breakup of the ground-based temperaiure invenion that built up
within the valley during the night.
A comparison of the 0831 MST soundjns of l0 December with the last
soundins of the pfevious evenins (2046 MST, 9 December, Fis. 4) reveals
that marked coolins had occurred in the lowest levels of the sounding.
while only weak coollns occurrcd above 175 n1.
A 3'C invclsion in 213 m ( i .  e. ,  1.41'C/100 !1) was p.eseni in the
2046 MST soundins. The 0831 MST soundins revealed an ll"C inversion
in a depth of444 m ( i .  e. .  2.48"C/100 m). Within this deeper slrblc laycr
wds a more Inlen\e.ur ldce bd.ed Invernon ol  .  roa I r  2J m ! i  e,
3.27"C/100 mi. Lisht down-valley winds prevailed wlthin the inversion
hyer on both soundinss.
The most striking fealure of tenperature st.ucture evolution iD Fig. 5 is
the sleady descent olthe top ol the sharp inversion first noticed at a heisht
of425 nl  oh the 0831 MST sounding. Sunrise at the bal ioon prof i ler s i tc
occurred at 0900 MST, althoush the southeastwa.d-ficing slope above the
site was sunlit earlier. The first profile taken after sunrise. at 091l, shows
the sharp inversion (3"C in -20 n1) at 325 m, and strong up-vallcy winds
in a neutral stability layer above the inversion. Relatively strons speed-
shear occurred across the top of the inversion. The 1000 MST sounding
shows a superadiabatic layerh?d fo.med near lhe ground due to solrJ
heatins. Above the superadiabatic layer, a layer of cold air with weak down
valley winds is capped by the inversjon ai 250 n, and surmounted by a neu
tral layer containing stronser up-vatley wnrds. The rernainins soundinss show
the continuous descenl of the slmrp inversion with the strong up-vallcy
winds following immediately behind. In the period from 1000 l\4ST to
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i058 MST the temperature structure ;s changed by the adiabatic heating of
the descendins air and by an additional l'C to 1.5"C increase due to sensible
heating, which is evident in Fis. 5 for the region above the invelsion. The
inversion reached the valley bottom in early afternoon and the 1545 MST
sounding shows the well mixed nearly dry-adiabatic structure with up-vrlley
wind speeds of 3msec I  to5msec I .  Two themographs, located in shelte$
northwest ofthe t€thered balloon site at elevations of49 m and 90 m abov€
the site, were operational dudng the inversion descent. Passage of the inver-
sion through the elevation ofthe thermolnphs was not evident ftom the
temperature records.

Verticrl Atmospheric Silucture in a DeepMountain Valley 47

F*"
+50

Fig.5. Same as Fig. 3. except for I0 Decenber 1975

Fis. 5, includins both down- and up-sounding data, provides a clear picture
of the descent of the inve$ion top into the valley. The average rate ofdes-
cent is 121 m hr_t.  A simi lar rate of descent,  -  110 m lr_r,  can be obtained
from Machalek's Fig. 2 u 0l for his case study of 25 March 1973 in th€ Miirz
valiey of Austia. Inversion descent tlere occurred over the period from
0800 to about I100 1200local t ime.
A number of investigato* of valley wind structure have remarked on the
downward transport into the valley ofan up-valley wind system during the
same time of day when we have observed invelsion descent u,4,51.
Ayer [1] hypothesized that the descent of up-vailey winds was in response

O DECEMBER 1975
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to the drainage of the cold air (or stable) layer oui the end of the valley.
OLrr wind observations jn the stable layer, however, show that windspeeds
were too low to tum the anenometer (threshold speed -0.5 n sec '). Thus
Ayer\ hypothesis cannot be invoked to explain the Core River Valtey
observations. Davidson and Rao [4] suseested another hypothesis. They
postulated that instabiliiy developed at ridsetop level and that the upper
flow then descended into the valley. The nore unstable the air at rjdse
level, the deeper does the prevailins flow penetrate into the valley. Presum-
ably this mechanism would erode lhe top of the cold air layer fron above.
Our observations, however, show a formidable stable hyer at the top of the
cold air mass- Gradient Richardson number calculations for this laver show
that turbulent mixing of the adjacent layers is stronsly suppressed in this
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Due to the failure of the two prevjous hypotheses to explain the obser-
vations, a third hypothesis, jntended to apply to an inversion breakup,
is proposed. Before sunrjse it is supposed that a deep stable layer is present
ln the valley. After sunrise the slopes besin to tE heated by solar insolation,
and a thin superadiabatic sLrblayer forms along the sunlit siopes and over
the sunlit valley floor. Convection besins in this layer and convective plumes
penetrate into the stable cold air mass above. This penetratiye convection
rcsults in entrainment of mass liorn the stable layer into the warm sublayer
[2, ]31. An upslope component ofmotion in the convective sublayer carries the
entrained mass up the slopes and out from under the cold air layer. The
principle of mass continujty then requires that the inversion top descend.
Later in ihe mornins the inversion top continues to descend as mass is
remoled by the up-slope wind systems. As the stable layer shrinks, the
up-valley winds pro8ress deeper and deeper into the valley until the inver-
sion layer is completely dissipated and up-valley winds prevail in the valley
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4. CoDch'sions

The followlng signiflcant features of atmospheric structurc were ideniified:
After sunrise. the nocturnal temperature tuversioD descended into the valley
at a rate of about i l0 n1 hr I . The wlnd field was characterized by up-valley
winds in a nearly dry-adiabalic layer above the invelsion, li8hr down,valley
wnrds in the cold air below the invelsion, and up-valley winds at the sur
lace. The descenr of the inve.sion was not evident in thermograph obser,
vations fron the valley sides.
During late afternoon and early evening, lhe noclurnal ground,based tem-
peralure invenion developed rapidly to a depth of 175 m in less than two
hours. The jnversion continued to deepen and was accompanied by a strong
cooling of tlie air in the total depth ofthe soundins. Winds were very light
in the val ley durins the nisht.
The effect of cloud cover was io make the vertical temperature structure
nearly isothernal. Vertical soLrndings rcmained nearly isothemal durj s
cloudy morning hours while heating continu€d ro occur withjn the valley

We are gralelul lbr ilre equipnrent and lleld support provid€d by the Field Observjne
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Unive6ity CoryoEtion for Atnosph*n R*earch und* sponsoship of the Naiional
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