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Al3ST.RACl' 

DIURNAL CYCIE OF '!HE 'lHERMAL S'rnUCIURE AND A MESOSCAlE WIND 
ON '!HE WEST SIDPE OF '!HE CDIDRAOO ROCKIES 

'!he west slope of the Colorado Rookies has top:Jgraphical features 

consisting of mesas in the westeJ:n portion and high mountainous terrain 

in the eastern portion. ObseJ:vations from this region show the 

existence of an intennediate layer exhibiting diUI11al. variations in 

both win:l and thennal structure. 'Ibis intennediate layer is a vertical 

layer above nesa top height and bela;..r nountain top height, 2.5 km to 

3.5 km above sea level. As the night progresses, the intennediate 

layer's westerly flow of the late a:ft:en1oon changes to wirrls increasing 

in velocity and rotating in a clockwise direction with increasing 

height. 

'!he first of two physical mec:han.isms which can explain the 

existence of this diurnal variation in the wiIxi structure obsel:ved in 

the intennediate layer is the developnent of an east to west thermal 

gradient. In an evening with clear, dry corrlitions, the air within the 

intennediate layer nearer to the high terrain will cool more relative 

to the air farther away. Because of this cooling process, the 

intennediate layer should develop a pressure gradient on a constant 

height surface with the higher pressure in the east near the mountains. 

A thennally driven circulation initiated with this cooling pattern will 

support the diurnal variation of the wirrls observed in the intennediate 

layer. 
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Deep stability grcMt:h durin:J the night leads to a secorrl physical 

mechanism explaining the existence of the woo structure I s diurnal 

variation absenred in the intermediate layer. DJring days with a 

neutral or weakly stable convective bo1..1rrlary layer, westerly wirrls have 

little difficulty liftin:J over the no.mtainous terrain in the eastern 

portion of the region. Evening stability grows well above the flat 

mesas adj acent to the high terrain up to approximately 3.5 kIn above sea 

level. Because of this stability, the westerly fleM' will have less 

potential to lift over the mountain barrier thus a blocking of the w:ind 

can occur. An excess of mass will develop a higher pressure near the 

IroUntains, which creates a pressure gradient within the intennediate 

layer. A pressure gradient of this kin1, like the thenna.l gradient, 

will support the wirrls absenred in the intermediate layer. 
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aJAPI'ER I 

INrnDWCrION 

Themal stru.cture and wirrl flc::J\N regions of corrplex terrain have 

been studied for many years with particular interest in the diurnal 

cycle of in-valley flc::J\N characteristics. For exaIrple, in the surrn:ner of 

1989, '!he Journal of Applied Meteorology (JAM) devoted two issues to 

the subj ect of· corrplex terrain behavior. Many new theories and 

findings ererged from these two editions concenrl.ng a'bnospherj.c 

phenomena in corrplex terrain. McKee and O'Neal (1989) developed an 

interesting theory explaining hc::J\N the geometrical stl:ucture of a valley 

will cause it to pool or drain during the night and cause up-valley 

flow during the day. Neff and King (1989) studied the possibility of 

Brush Creek valley, located in western Colorado, influencing its own 

drainage by having its drainage pool into a basin south of the valley 

mouth. 

The possibility of exte:rnal winds contributing to the in-valley 

flow was also considered. Barr and Orgill (1989) were able to describe 

changes in the depth of drainage and voll.lI1'e flux in tenns of ambient 

wirrl characteristics. In corrplex terrain, like western Colorado, 

external winds reaching into the valley may have characteristics 

different than the synoptic flow. Reiter and Tan:J (1984) studied winds 

over, and in the vicinity of, the Great Basin. In their large scale 

study, they shc::J\Ned that wirrl obseI:vations reveal the development of a 

nocturnal high and a daytime lc::J\N in the Rockies. Parish (1982) studied 
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the possibility of barrier w.irrls alOn:1 the sierra Nevada Mountains. He 

showed how cold air damning at the UJ;hTW side of a mountain barrier 

can create a low level jet parallel to the mountain barrier. 'Ihe cold 

air damning will result in a pressure increase near the mountain 

barrier thus creating a pressure gradient capable of supporting a low 

level jet. 

A. Objective 

The west slope of the Colorado Rockies has had very little 

industrial development. Western Colorado has a great deal of potential 

. for large industrial development, in particular, the development of an 

oil industry based. on oil shale. '!his development can indeed lead to 

pollution, which, in turn, is transported within the region. 

'!he west slope of the Colorado Rockies is a location of complex 

terrain. To the east is high mountainous terrain of the rockies, am 

to the west are lower elevations of the mesas am valleys. Bader et 

al. (1987) found, fram limited wind data, a thin layer of w.irrls present 

above a valley on the west slope. It was dete:rmin.ed the w.irrls were not 

synoptically induced, but, pe:rhaps, topogl:aphically induced. Barr am 

Clements (1981) obtained data in western Colorado in August 1980. '!hey 

observed an east wirrl in a layer above 2.5 kIn Above Sea Level (ASL) 

during the night hours on two consecutive days. '!he east wirrl was not 

the focal point of their study, therefore· they had no e.>q:>lanation for 

what they observed. 

The Department of Energy I S AtJrospheric studies in Complex Terrain 

(ASOJI') had an intense field project in northwest Colorado in September 

of 1984 (ASOJI' '84). '!he primaty purpose of this study was to study 
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valley nocturnal drainage winds. '!he experiment included a set of deep 

sounding sites to provide observations of the diurnal behavior in the 

atJnosphere above the valleys in the region. '!he pu:q:x>Se of this study 

is to define the diurnal evolution of an atJnospheric layer from mesa 

top height lJlMClrd into the free atIoosphere. Observations will be used 

to establish the identity of an intermediate layer (IL) above the 

mesas. Finally, a conceptual IOOciel will be presented to illustrate the 

layer I s diurnal evolution am to identify same physical processes 

contributing to this layer. 

B. Description of the Region 

To better urxle:rsta.rrl studies of wW am thermal structure in 

western Colorado, a regional description is necessary. '!he region is 

west of the Continental Divide, am figure 1.1 from Clements et al. 

(1989) sha.vs its location with respect to Colorado. '!he upper air 

sourrling' sites located within the region of study are at the tovms of 

Rangely, Meeker, am Rifle am the valley of Brush. creek. '!he western 

portion of the region is near the Colorado-Utah border. rrhe region 

consists of IroStly mesa-flattops with rn.merous valleys of various 

widths am depths cut into them by small streams am creeks. rrhe White 

River fla.vs east to west through the northern portions of the region, 

am the Colorado River fla.vs east to west through the southern 

portions. '!he terrain gradually slopes up;;ard from west to east over 

the mesa flattops. '!he east portion is very similar to the west, am 

the only significant diffei:'ence is that high nnmtainous terrain of the 

Rockies lie adjacent to the east portion. To better UIrlerstarrl the 

elevations of the region, figures 1.2 (a-d) sha.vs four different 
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elevation contours of the region. Figure 1. 2a shows elevations greater 

than 2.0 kIn ASL, ani the valleys are very well defined. Figure 1. 2b 

shows elevations greater than 2.5 kIn ASL. '!he valleys becone less 

distinct, because nnldl of the region lies below 2.5 kIn ASL. '!his 

allows the Rockies to the east to show up very well. In figure 1.2c 

only the eastern portion of the region is greater than 3.0 kIn ASL, ani 

figure 1.2d shows only the higher Rocky Mountains. 
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represents elevations greater than 2000 m MxJve 
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Cl:IAPI'ER II 

DATA 

A. COllection of Data 

'!he focal point of the ASa::Jr '84 experiment was the valley of Brush 

Creek, in which a series of tethersondes were placed along the valley 

floor. Within the valley and on its ridgetops are not only 

tethersondes, but a wide range of instnnnentation from acoustic 

sounders to a doppler lidar to tracers. For a better description of 

data collection in Brush Creek, the reader is referred to Clements et 

ale (1989). All instnnnentation and data collection was done in an 

effort to understand valley drainage winds better than ever before. In 

an attenpt to understand how air flow above the valley will affect flow 

characteristics in valleys, a four comer network of upper air 

sourrlings was also established. 

'!he four COIner network included an upper air station at Meeker, 

Rifle, and Rangely and in the valley of .Brush creek. Table 2.1a gives 

detailed locations and elevations of each site and table 2.1b the 

sunset and sunrise in Mountain standard Time eMS'!'). '!he upper air 

observations were designed to span a twenty one hour period 

encorrpassing each experimental night. 'Ihree hourly soundings began at 

16: 00 MST and ended at 13: 00 MST the following day. '!he ASCJ:Jr 184 

field experiments att:errpted to choose clear sky and undisturlJed 

conditions with little tenperature advection. Dry conditions reduce 
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Table 2.la. 

Exact locations ani elevatioos of each ~ air SOll'dlrq site 
participati.n;J in the ASCDr '84 field project. 

s:m:: IATnUIE u:mI'ltJIE EI.BV(m) 

Meeker 40.06 107.9 1947.7 

Rifle 39.53 107.8 1692.2 

Ran:Jely 40.06 lOS. 78 1607.5 

Brush Creek 39.56 1OS.43 1856.8 

Table 2.lb. 

Li.sti.n:J of sunsets ani sunrises at each site durirg the ASCDr '84 
field project. All tilDes are in !bmta.in stamard Time (MST). 

M:eker Rifle Rarqely Brush creek 

Date sets rises sets rises sets rises sets rises 

17-18 18:19 6:00 18:19 6:00 18:22 6:04 18:21 6:03 

19-20 18:16 6:03 18:16 6:03 18:19 6:07 18:18 6:06 

25-26 18:02 6:05 18:02 6:05 18:06 6:09 18:05 6:OS 

27-28 17:59 6:07 17:59 6:07 18:03 6:11 18:02 6:10 

29-30 17:56 6:09 17:56 6:09 17:59 6:13 17:58 6:12 
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the role of moisture, arrl small advection keeps observed tenperature 

and wind changes a result of local phenomena. 

B. Weather Corrlitions 

During the experimental pericxi, corrlitions were considered adequate 

for the project. After studying the wind arrl thennal obsel:vations, 

four nights were considered appropriate for data analysis of the 

atmosphere above the valleys for this study. '!he 27th-28th showed 

large tenperature advection in the upper atIrosphere between the late 

afternoon and the late night hours arrl was eliminated for the purpose 

. of this study. 'lhe nights considered appropriate for data analysis are 

the nights of the 17th-18th, 19th-20th, 25th-26th, and 29th-30th. 

Surface weather corrlitions are consistent from one experimental day 

to the next with light winds arrl dry corrlitions, however, the synoptic 

conditions were changing. Scattered light showers did persist along 

arrl west of the Continental Divide during the experimental period, but 

no precipitation fell at the experimental sites (McKee, 1984). Four 

weather maps, if available, are presented for each night. 'lhe OOZ am 

12Z maps contain height and t.enperature contours for 500 rob and 700 mh. 

'lhese maps presented in appendix A, are used in the following 

discussion of weather corrlitions present on the nights of the 

experimental period. 

'lhe experimental period began with the 17th-18th. Very good 

weather con:titions are present with little advection. 'lhe high 

pressure at 700 rob over northern utah :rroved into western Colorado arrl 

centered over the experimental region by the errl of the sourrling period 
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on the 18th, and 500 rob had the same patteI:n. High pressure was over 

the region at 500 rob with little advection and light wiIrls, less than 

10 IIVs. 

On the 19th-20th, the charts show very little pressure gradient 

through the region at 700 rob with only the slightest thennal advection 

present. At 500 rob there is little pressure gradient and light wiIrls 

for this height, 4 IIVs, and little advection. 

Following a week of unsettled weather, the 25th-26th has better 

conditions. A southerly flow at 500 rob starts the sounding period and 

it becomes westerly by the end of the pericxl. According to the charts, 

there is little advection and little pressure gradient. '!he upper 

level charts have little temperature advection or pressure gradient, 

but the flow is strorg with winds from the west at 15-20 IIVs. 

A small pressure gradient with light winds existed at 700 rob on the. 

29th-30th. Light winds am a small tenperature gradient prevent large 

advection. 'Ihe winds at 500 rob are moderate from the west with little 

indication of tenperature advection. 

c. rata Quality 

1. Temperature measurenents 

Sondes are excellent devices for retrieving infonnation from all 

levels of the troposphere, however, they are not perfect. Recent 

calibrations of sondes (AIR, AI:ll\S, Intellisondes, CLASS) were done in 

an attenpt to gather infonnation on the accuracy of the temperature 

sensors. Calibrations were not done for the ASeDI" 84 field 

experiment. 'Ihese calibrations were int:e.OO.ed to give some irrlication 

about the accuracy of the somes used in the ASaJr '84 field work. 
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Water was the material used to calibrate the sorrles arrl therno­

couples. One t:.ezrperature measurement was done in room t:.ezrperature 

water and a second in ice water. 'nle t:.ezrperature of the somes are 

then conpared to the t:.ezrperature of the thennocouples. 'Ihe somes had 

t:.ezrperature differentials of +0. 4C to -0. 4C from one sonde to the next. 

Differences such as these may seem rather insignificant, but they 

are not. When it becomes necessary to use the t:.ezrperature measurements 

from one sourrling to the next, these differentials can become 

increasingly ilnportant. With these errors involved, calibrating 

somes prior to launc.hi.n:1 is highly recommended. 

2. wind rneasureJl1eJ1ts 

J:Uring AScor '84 I Rifle, Meeker, arrl Rangely were rawinsonde 

stations which used an auto tracking radiotheodoli te, data acquisition 

system, and a 1680 MHz radiosoooe package. Wirrls were calculated from 

the tracking data using a 30 s averaging interval in the lCMest layers 

and a 60 s interval through the mid layers (Clements et al., 1989). 

An optical theodolite was used to get wind data at the CSU site in 

Brush creek. Obtaining data with an optical theodolite requires time. 

'Ihe pressure received fram the airsome is used to calculate the height 

of the balloon, and the optical theodolite is used to measure azimuth 

arrl elevation angles. Wind velocity and direction are calculated fram 

these three variables. 'Ihe tracker needs time to get these measure­

ments with the theodolite. In general, thirty secorrls is the length of 

time involved, however, a time interval of thirty secorrls is not 

required. When evetything is goin:J well, the time interval may be 

smaller, or if there are problems the time interval may be longer. 
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wind measurement resolution may not be very gocx:i sorreti1res, but the 

lack of resolution does not mean wim errors. 

'Ihese sites use different instrumentation, but data is collected 

every thirty secorxis. A rise rate of 5 nVs results in a data point 

every 150 meters, therefore, wim resolution is a very .ilIp:>rtant factor 

to consider. In particular, to fim a transition between one layer of 

win::is and another becomes very difficult. 



CliAPI'ER III 

OBSERVATIONS 

A. Wirrl Structure 

1. Intrcx:luction to wirrl structure 

Above the valleys of western Colorado is an Intennediate layer 

(IL), which has a diu:rnal evolution different fram that of the valleys, 

however, the characteristics of this layer are not well defined. 

'!he wirrl obsel:vations from ASror '84 will be used to define the IL. 

These observations will provide the thickness, depth and wirrl flow 

structure of the IL. ObseJ:vations analyzed here are obtained from 

Meeker, Rifle, and Rangely on the night of the 19th-20th. Figures 3.1 

(a-c) are the observations from these three sites in a time series 

startirg in· the late afternoon. Remainin:J wirrl observations, from 

these sites on the 17th-18th, 25th-26th, and 29th-30th can be seen in 

appen:lix B. 

2. Wirrl observations 

'!he ~ at 16: 00 Mountain st:ardard Time (MST) starts the 

evening of the 19th-20th. A westerly corrp:ment to the wind starts the 

late afternoon at all sites and all levels except within the valleys. 

Individual in-valley topographical features are prcx:iucing wirrl unique 

to each site belaY mesa top height, 2.5 kIn Above Sea Level (ASL). 

At approximately one hour beyorrl sunset, the 19:00 MST set of 

~s has interestirg changes different to each site. 'Ihese 



Fig. 3.1a. Wirrl time series for Rifle on 19-20 September 1984. 
Height is in kilaneters Above Sea level (ASL), am 
Rifle is 1692 m ASL. Horizontal axis represents 
sourxlirg times in Molmtain starrlard Tilne (MST) with 
sunset am sunrise at 18:16 MST am 6:03 MST, 
respectively. vectors point in the direction air is 
going, am north is the top of the graph. Lines A am B 
represent mesa top ani nountain top heights, 
respectively. 

Fig. 3.lb. Same as figure 3.la except it is for Meeker, which has 
an elevation of 1947 m ASL. 

Fig. 3.1c. Same as figure 3.1a except it is for Rangely, whidl has 
an elevation of 1607 m ASL, am sunset is at 18: 19 MST 
am sunrise at 6: 07 MST 
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changes do not occur in the upper levels, but rather belCM nountain top 

height, 3. 5 krn ASL. 

Rifle has some very distinct c.han3"es take place in the night hours 

above mesa tops am belCM mountain top height (see figure 3.1a). At 

19: 09 MST, a strong northwesterly flCM is present belCM mesa tops up to 

mountain top height, arrl near nountain top height is a noticeable shear 

in wind velocity. By 22:14 MST, this flCM has been replaced by two 

layers. A valley drainage has replaced the flow belCM mesa top, am a 

southeasterly wind has replaced the flCM between mesa top am nountain 

top height. '!his flCM is a distinct part of the IL wind structure. At 

mountain top height is a shear of velocity am direction creating a 

natural bol.lI1dary between the IL wind am the free atmosphere. At night 

the IL wirrls feature, 

> o (3.1) 

> o (3.2) 

where V is wirrl velocity, Z is height, am ¢ is angle of direction 

the wind is going with ¢ = 0 being north. '!he IL - free atmosphere 

bourxiaIy lowers progressively in elevation through the night. 

Velocity profiles at Meeker are much different than those at Rifle 

at 19:00 MST (see figure 3.lb). Rifle has a northwesterly flCM between 

mesa top height am nountain top height, but Meeker has a northeasterly 

flov.r in the same regbne, hov.rever, like Rifle, Meeker has a speed shear 

at mountain top height. At 22:06 MST, a northeasterly flov.r is present 

up to 3.0 kIn ASL. Above this winds are southwesterly from just above 

mountain top height. later in the night, Meeker has the IL wirrl 
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characteristics like those obsel:ved at Rifle. Meeker's IL - free 

at:roc>sphere boun:lary is lCMering in elevation through the night. 

Rangely doesn't have nighttime IL characteristics much different 

than Meeker and. Rifle (see figure 3.1c). To start the night, at 19:15 

MST, Rangely has a westerly conponent still present up to 3.0 kIn ASL 

and a northwesterly flCM up to mountam top height. At 22:04 MST, a 

southeasterly flow has appeared below 3.0 kIn ASL, and a mountain height 

speed shear distinguishes the IL from the free atmosphere aoove. late 

in the night, Rangely has an IL characteristics similar to Meeker and 

Rifle. 'Ihese characteristics are an increase in velocity and direction 

with increasing height, and the IL - free at:m:lSphere boun:lary decreases 

in height through the night. 

Four hours after sunrise, at 10:00 MST, valley drainage at Rifle 

and Rangely have noticeable chan;Jes. Missing data from Meeker in the 

lowest in-valley layer makes it difficult to detennine the result of 

solar heating on its drainage. Above 3.0 kIn ASL, all sites obsel:ve a 

westerly flow. Rangely, Meeker, am Rifle have the same IL c.h.ar­

acteristics observed during the night except the layer is much thinner. 

By early afternoon all sites obseIve a westerly COIl'pOnent to the 

wirrl, and. a consistent velocity at all heights. 

3. SUrrnraJ:y of winJ structure 

'Ihree abrospheric layers, c::amrron to the experimental period, are 

very apparent. One layer is the well k.:rlavn drainage wirrl present belCM 

mesa tops. A secorrl layer present is the free at:m:Jsphere aoove 3.5 kIn 

ASL, which has no apparent diurnal. phase shift. 'Ihe third layer is 

one not so well known. It is the IL fourrl aoove valley drainage and 

belCM the free at:m:Jsphere. '!he IL is characterized by an initial west 
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wind in the late afternoon which changes to southerly COII'pC)nent flow by 

several hours after sunset. '!he nocturnal IL has a clockwise t:unU..n3' 

of the winds with increasing height, and a velocity shear at the IL -

free a'bnosphere bollrl1ary. After becoming well established a few hours 

after sunset this bollrl1ary pr:~l:essively lowers in eleva1:ion through 

the night. 

All nights of the observation pericx:l do not have the same IL - free 

atmosphere bollrl1ary height. However, the bollrl1ary does not exceed 

mountain top height, and the lowest boundal:y of the IL does not go 

below mesa top height. 

B. '!hemal structure 

1. Introduction to thennal structure 

wind observations fram Meeker, Rifle, arrl. Rangely dlescribe the 

depth and thickness of the IL, however, a full un::ierstanding of the IL 

cannot be obtained fram the wirrl observations done. wind is not 

independent of the thennal. stnlcture. Evolution of the thermal 

structure is shown in Figure 3.2. rata is presented as potential tem­

perature since it does not change with vertical motion un::ier adiabatic 

conditions. In Figure 3.2 is an over:view of the evolution for 

September 19-20 given with three soun::lings at approximately 16:00 MST, 

22:00 MST, and 4:00 MST. 

'!he late aftemoon begins with a nearly neutral convective bo1.1I"rla.Iy 

layer (CBL). At Rangely the CBL ext:errls 2.5 to 3.0 krn above the grourrl 

VJhich is 0.5 to 1.0 krn above the trountains to the east. '!he potential 

tenperature is about 314 K to 315 K. '!he sot.ll'Xiin;J at Rifle is slightly 

stable with a 2 K increase in a 2.5 krn layer and the potential 
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temperature above mountain top height are nearly the same. Meeker also 

is slightly stable but potential temperatures above mountain top height 

is similar to Rangely arrl Rifle. As the night progresses the potential 

temperatures cool 10 K or more at the surface arrl the CCX:lling exterrls 

above the mesa tops to near the height of the mountains. Detailed 

intercomparisons from one sounding to another are not easily 

accorrplished due to unknown error magnitudes. '!he dLscussion of 

accuracy in chapter 2 irxticated errors of + /- 0.4 C ar:-e possible. 

Temperature advection was judged to be small above mountain top but can 

not be assumed to be zero. Cllanges in potential temperature during the 

night just above mountain top is small (1.0 K - 2.0 K) a·t Rangely, a 

little larger at Meeker (2.0 K - 3.0 K), arrl larger yet at Rifle (3.0 K 

- 4.0 K). 

Data presented in Figure 3.3, 3.4, arrl 3.5 allow a closer 

examination of the diurnal evolution at each site. 'Ihe nocturnal 

coolin:] can be described as a cooling and also as a. change in 

stability. Cooling appears at Rangely early in the eveninc;;r arrl exterrls 

nearly 1 kIn above the surrourxling nesas. Rifle arrl MeekI~ also have 

the cooling to mountain top height. Each site also has thE! remnants of 

the CBL from the previous day seen as a neutral layer ab::we mountain 

top height. '!he IL identified in the wirxi analyses is seen in the 

thennal structure also as a layer exterxting from the ::nesas up to 

mountain top height. Possible errors in temperature observations limit 

the analysis of some to some comparisons, but they do not limit an 

analysis of atmospheric stability. 
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2. Abnospheric stability 

a. stability criteria for a dry atJrosphere 

nrring the day, a clear, dry atm:>sphere will allow a gr-eat deal of 

surface heating by the SlU'l. As heating continues througt, the day, a 

ColWective Bourxtu:y layer (CBL) will form as a result of surface 

heating. As long as there is solar insolation on the surfa<::e, this CBL 

will continue to grow. Several minutes prior to sunset, th~ atJrosphere 

near the surface will cool, anj stability will become not.iced in the 

lower layers of the bourrlary layer. 

stability is defined here as the change of potential "i:errperature, 

9, with height, Z; stability criteria C01lU'OC)nly used for a dry 

atmosphere are (Holten, 1979): 

de 
--clZ > 0 , Stable (3.4) 

de 
< 0 Unstable (3.5) dZ , 

de 
> 0 Neutral (well mixed). (3.6) dZ , 

A vertical displacement of a parcel in an eIWirornnerlt having a 

positive potential 1:eIrperature lapse rate will result in the parcel 

oscillating about its initial position at a frequency equivalent to the 

Brunt-WisIDlc!1 frequency, 

= (3.7) 

where g is gravitational acx:eleration. An eIWirornnent having 

de/dz > 0 will have a lapse rate greater than the dry adia:Jatic lapse 

of -9.8 F/km (eg. dl'/dz = -8.0 F/km, T = absolute1:eIrperature) • If the 

parcel is forced vertically dry adiabatically, it expaOOs am cools. 
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'!he cooling results in a cooler temperature than the env ironment it 

enters. In return, the parcel is IIOre dense than the envirornnent arrl., 

therefore, returns to its initial level. 

A vertically displaced parcel in an envirornnent decreasin:J in 

potential temperature with height will not oscillate about its initial 

level. Rather, if the parcel is forced vertically dry adiabatically by 

any means, it will continue to rise. '!his environment has a lapse rate 

less than the dry adiabatic lapse rate (eg. dT/dz = -10.0 Kjkm). A 

parcel lifted. dry adiabatically will expand an::i cool, but the final 

temperature will be greater than the envirornnent. As a rlesul t of its 

initial displacement in the vertical, the parcel will conbnue to rise. 

A parcel in an envirornnent having no change of potential tempera­

ture with height will not accelerate upwa.Id or be returned to its 

initial level. After its initial displacem:mt in the vert~ccal, it will 

rise dry adiabatically. Since the envirornnent is adiabatic, the parcel 

will retain the same temperature as the environment. As a result, the 

parcel remains where it has risen. 

b. mean atmospheric stability 

When discussing the stability of a region with the corrplexity of 

western Colorado, it becomes helpful to urrlerst:and how the stability 

over this COlt'plex terrain differs fram stability graw:h over flat 

terrain. Under clear, dry I conditions, regions of flat terrain have 

typical nocturnal stable bourrlal:y layer (NSBL) depths of 0.2 - 0.4 kIn 

AOOve Ground Level (AGL) (Stull, 1988), with little change in depth 

over many horizontal kilometers. However, over compl~c terrain the 

NSBL will acquire variable depths over a few kilometers and will be 

much deeper than NSBIs over typical flat terrain. EvI::I1 though the 
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atmospheric coOOitions may be the sane above both types of t:errain, the 

NSBL will be deeper over the carrplex terrain. Sensible h:at flux in 

valleys act on a smaller volume of air. Furthenrore, greater turbu­

lence can exist in regions of carrplex terrain arrl cause greater Illixin3" 

of cold air near the surface into higher layers (Bader et al., 1987). 

A similar discussion can be made when considering the ccmparisOn of 

the CBL over flat arrl conplex terrain. Again, the CBL will generally 

be deeper over regions of conplex terrain, because valleys belp to heat 

the smaller volume of air like they did to stabilize a smaller volume 

of air. Figure 3.6 fram stull (1988 ) gives an excellent illustration 

of the typical atmospheric cycle. It shows the depth of a CBL, arrl the 

growth of stability over flat terrain as the night progresses. 

c. stability calculations from ObseI:vations 

Observations were made on four nights, an:i each night had its own 

distinct evolution. Similarities do exist from night to night, am 

analyzing one night will be sufficient to describe the chal:acteristics 

of each night. Data chosen for analysis are on the night I::>f the 19th 

arrl 20th. Figures 3.7 (a-c) will be used as a referen::e for the 

analyses of the Rifle, Meeker, am Rargely sourrlings on the night of 

the 19th-20th. stability plots of the 17th-18th, 25th-26th an:i 29th-

30th are fOllIXl in apperxlix D. 

starting the 19th-20th is the 16:00 MST sourrling on thl~ a:ftemoon 

of the 19th. Solar heating is very stroI'XJ at this hour, ,mj Rargely 

has the most neutral CBL of the three sites, while Meeker am Rifle 

have a boundary layer of very weak stability. '!he deptls of these 

boundary layers are not significantly different fram site to site, with 

the heights varying from 4.0 kIn ASL over both Rargel Y am Rifle to 4.5 
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Fig. 3. 7a. <llarge of potential te.nperature with height for Rifle 
on 19-20 September 1984. Height is in kil~ters AlxlVe 
Sea Level (ASL) with Rifle at 1692 m ASL. Horizontal 
axis :represents SCllll'Xtirgs in MST am stability. Rifle 
has SlD1Set am sunrise at 18:16 MST am 6:03 MST, 
respectively. Lines A ani B :represent nesa top am 
nnmt.ain top heights, respectively. 

Fig. 3.7b. same as figure 3.7a" except for Meeker, which has an 
elevation at 1947 m ASL. 

Fig. 3. 7c. Same as figure 3. 7a except for Ran;Jely, which has an. 
elevation of 1607 m ASL. SUnset am sunrise are at 18: 19 
and 6: 07 MST, respectively. 
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krn ASL over Meeker • Stability is present a1:x:>ve these 1::x:>un::iary layers, 

with dejdz = 3-5 K/krn at each site. 

At 22: 00 MST, the sun has been dCMl1 for almost four hours. 

Stability is still shallow over Rargely, with a depth of 2.4 krn ASL. 

Strong stability greater than 5 K/krn is below 2.25 kIn ASL (see figure 

3.7c) . A s.i.mi.lar stability is over Rifle, but it is deeper, with 

5 Kjkm at 2.5 krn ASL and weak stability reaching up to 3.0 krn ASL (see 

figure 3. 7a). Stability over Meeker is s.i.mi.lar to that over Rifle, but 

strong stability of 5 Kjkm exterrls slightly higher, and wectk stability 

is up to 3.0 kIn ASL (see figure 3. 7b) • Above these stable layers are 

remnants of the bourrlary layer observed prior to sunset extending to 

heights originally observed. 

Ten hours after sunset, at 4:00 MST, stability depths are reaching 

maximum heights. Stability over Rargely has characteristics observed 

throughout the experimental period; strong stability is present to 2.5 

krn ASL and weak stability extends an additional one kilaneter a1:x:>ve 

this. Rifle has increasing stability st.r'en3th up to 3.5 ]{ffi ASL, and 

strongest stability is less than 2.8 kIn ASL. strong stability to 3.0 

krn ASL is over Meeker with very little stability above this. '!he 

remnants of the afternoon bourrlary layer are still present at each 

site, but the depth and clarity of the remnants are d.i.mi.nishing with 

time. 

Between the 4: 00 MST and 7: 00 MST soun::lings, stability changes 

little in depth or st.r'en3th at each site. SUrface heating is noticed 

approximately four hours after sunrise, and a neutral atuosph.ere is 

present over each site up to 2.0 kIn ASL. Remnants of the prior 
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evening1s stability are still present, but it is not as stron:J or deep 

as it was in the 4: 00 MST or 7: 00 MST SO'lll'XiirY;Js. 

Solar heating is once again a dominant force at 13: 00 m:r. A weak, 

stable 00undary layer, not as deep as the previous day, is noticed over 

each site. 

3. Thennal gradient in the IL 

Figure 3.8 (a-d) represents the cooling process obs~ed over 

Rangely, Rifle, and Meeker. '!hese are plots of the change in 

terrperature, liT, with ti1ne taking place after 16:00 MST on the night 

of the 19th-20th. Four layers are presented; a) the layer below mesa 

tops, less than 2.5 krn ASL, b) 2.5-3.0 krn ASL, c) 3.0 - 3.5 kIn ASL, and 

d) 3.5-4.0 krn ASL. '!he average terrperature is obtained for each of the 

layers, at each of the sites, for each SO'lll'XiirY;J. After ij}e average 

terrperature is obtained, the average of all four nights is calculated 

for each layer and each site and each SO'lll'XiirY;J. An average of four 

nights should alleviate any problens associated with some terrperature . 

errors. It was decided, after examining stability, that it would be 

advantageous to divide the IL into two layers. 

Cooling in the valley is large but different for all three sites. 

'!he differences in the valley are not considered a factor to the IL, 

because valley cooling will be associated with the struct:ure of the 

valley. Between 2.5 krn and 3.0 kIn ASL, Rifle cools the g:r'eCltest during 

the night hours. At this elevation, Meeker and Rargely are cooling 

very much the same. Above 3.0 kIn ASL, Rifle and Meeker are showing a 

greater magnitude of cooling. 'Ihe magnitude of cooling l:ecomes very 

similar at all sights in the layer above the IroUIltains. 
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Using a prcgrarn referred to in Cox am Griffith (1979) /' the amount 

of radiative CCXlling in the rather dry atmosphere is calculated to be 

approximately a degree celsius throughout the night. '!hE~fore, the 

radiative CCXlling cannot be neglected, but it is not considered a very 

inp:>rtant factor in the observations. It does, pe:rhaps, explain the 

cooling well above mountain tops. 

It is apparent, fram averaging the terrperature data, II. CCXlling of 

a greater magnitude takes place near the IOC>untains. Rifle CCXlls IOC>re 

than either Meeker or Rangely, and Meeker IOC>re than Rangely. 

4. Energy loss within the IL 

Cooling corrparisons among the sites within our experimental region 

of Colorado does show the presence of IOC>re CCXlling within the IL near 

the IOC>untains than farther away. However, the CCXlling may be a result 

of mixing the air cooled by the mesa top into the IL. calculations of 

the energy loss will help detennine whether mesa top cooli.nc;r can be the 

sole source of the CCXlling. 

According to Whiteman et al. (1989), the mesa top sensible heat 

loss at night is approximately 20 Wjm
2 • '!his measurement ';vas for the 

night of the 25th-26th of the ASror '84 project, however, the sensible 

heat loss fram night to night should not vary greatly if the weather 

conditions am sky CXNer are very nruch the same. Much of the air 

CCXlled by the sensible heat loss will drain into adj acent valleys. 

Gudiksen am Shearer (1989) studied the dispersion of tracers in the 

valley of Brush Creek during the ASror '84 project. '!hey found that 

perflurocarbon released fram the mesa tops drain into the valley am 

get caught up in the valley drainage, which is in the lowest three 

hundred meters of the valley. Also fram the ASror projec:t, the SRL 
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site, located on the ridgetop (see Clements et al., 1989), took 

tethersorxie soundings. '!hey observed an inversion approximately 50 

meters deep over the mesa top and a very light drainage of 2-3 nVs 

flowing off the mesas into the valley. 

A measure of the energy loss in the atm::lSphere abovle the mesas 

wi thin the IL can be done. '!he dlarxJe in potential tenprrature from 

one time to another is converted. into an energy loss. 'lhis is done 

with the use of the total derivative of the energy equati.on (ie. the 

first law of thennosdynamics). 

where 

~ 
dt 

a is the specific voh.nne, 1/ p 

(3.8) 

, C is the specific heat at 
v 

constant volume, and dq/dt in the first law is the rate of heating per 

unit mass due to radiation, conduction and latent heat release. We 

will neglect latent heat release because of dry corxiitions ani the lack 

of clouds. Combine equation (3.8) and the total derivat:ive of the 

equation of state, 

to get 

~ 
a dt + cia p--= 

dt 
dI' 

R dt 

T C dlrtI' T R dlnP = ~ 
pdt- Cit dt 

(3.9) 

(3.10) 

where cp = Cv + R, 1004 JJkIkg. '!hen substitute the total derivative 

of the lo;rcrri thm of the potential temperature 

= 

into equation (3.10) to get 

R dlnP 
dt 

(3.11) 
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~=TCdln9 
dt P dt 

p.12) 

which is the final relationship between the change of poten1:ial temper-

ature with tine am the change of energy in the atm::>sphere "iTith tine. 

Equation (3.12) is used to firrl the anount of energy loss that has 

taken place in the atJIDsphere at each site above mesa top, 2.5 km ASL, 

up to rcountain top height, 3.5 kIn ASL. Rifle had approximately 30 Wjm2 

cooling within the IL, Meeker approximately 15 Wjm2 o:x:>ling, am 

Rangely approxbnately 7 Wjm2• 'lhe value at Rifle is larger than the 

the value of the sensible heat loss Whiteman et ale (1989) obseIved, 

which indicates that the cooling at Rifle is probably more than just a 

function of mesa top cooling. '!he 15 Wjm
2 at cMeeker is more than half 

of the value given by Whiteman et al. (1989), which iI¥:ticates that the 

value of 15 Wjm2 observed leads to a reasonable probability that a 

cooling source in addition to nesa tops is needed. At Ran:rley, 7 Wjm2 

can be caused by mixing upr..rcu:d the air cooled by the mesal tops, even 

though much of the cooled air may drain into the valley. 

Calculations of energy loss within the IL cannot ccmph~tely verify 

another source of coolin3' other than the nesas, but it dOE~ give senne 

irrlication that there is more. '!he sites close to the lIIOlmtains cool 

more than the site far from the nountains, arrl cooling near the 

mountains may be more than mesa top coolin3'. It may be caused by the 

motmtains cooling the air aroun:i them am advecting that ox>l air into 

the IL close to them. 



CHAPI'.ER IV 

CONCEPIUAL IDDEL 

A. Conceptual Introduction 

Above the valleys of western Colorado is an Intennediate layer (IL) 

capable of supporting a diurnal evolution in w.i.Irl arrl the:nna1. struc-

ture . Observations of both structures identify these dlurnal eve-

. lutions, which are separate from the atnosphere within the valleys am 

the free atnosphere above nountain top height. 

The wirrl structure behaves in a manner conceptually illustrated in 

figure 4.1. In the conceptual nodel is an imaginary valley existing on 

the west slope of Colorado. The daytime westerlies are present 

throughout the atnosphere including the valley. This is a behavior 

unique to this valley, because the valley has an east to ~.,est orien­

tation which is associated with a daytime flCM from west to east arrl a 

nocturnal drainage from east to west. 

Olring the day, a neutral atnDsphere is within arrl above the 

valley. As the night progresses, stability will begin to grow from the 

surface of the valley to elevations at approx.ilnately mountain top 

height. 'Ibis stability will enable the nountains to block the westerly 

flCM. Blocking will cause an east-west pressure gradient, arrl initiate 

the wirrls seen during the night hours in the conceptual nodel; a 

southerly con:ponent wirrl increasing in velocity arrl direction with 

increasing height will be present in the IL. 
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In addition to nountain blcx:::kin;J, diverse cooling takes place 

throughout the region on the 'f1est slope. 'Ihe ll'OllIltains will cool the 

atmosphere around them arrl advect the cool air into the It a'bnosphere 

above the adjacent mesas. 'Ibis advection fram the l'OC>untains will cause 

a more rapid cooling in the a1:nosphere close to the mountains than the 

atmosphere farther fram the ID:Juntains. An east-west thenn:li gradient 

will be in the region, which ~lill result in a pressure gradient across 

the region. '!his, like the l'OC>untain blocking, will initiate the IL 

wirx1s in the night hours. 

In the later hours the IL wirrl arrl free atmosphere boundary lowers 

progressively in elevation un1:il the next l'OC>rning. 'Ihe stability arrl 

thennal gradient both became EUiminated by the heating of the day, arrl 

the IL becomes dominated. by the westerlies. 

B. Fhysical Mechanisms 

1. 'Ihennal gradient 

a. thennal gradient rnc:rlel 

In the observations, a the:nnal gradient was fourrl within the region 

of western Colorado. Figure 4.2 is a conceptual rnc:rlel of the thennal 

gradient on the west slope. ~lhe cooling shown is a conceptual view of 

IL cooling taking place close to arrl far fram the mountains since 16:00 

Mountain Starrlard Time (MS'!'). 

From the model analyses, coolinJ is l'OC>re dominant close to the 

l'OC>untains (see figure 4.2). Having more cooling close to the mountains 

will create an east-west pressure gradient on a const:ant height 

surface. 'Ihe higher pressure will be present in the east, because of 

more cooling. More cooling in an open envirornrent creab~ a higher 

pressure. 'Ihe air becomes oore dense as it cools, arrl in return more 
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mass can be contained in the sane volume, which creates a higher 

pressure. 

b. results of thennal gradient 

Take for example a hypothetical region that allavs air to IOC>Ve 

freely in and out of it. Initially, the absolute tenperature is 

uniform am the air is calm. Na;v we suppose more cooling in the east 

develops a higher pressure jn the east. If the east has a higher 

pressure on a constant height surface, the air will begin 1:0 flow fram 

the higher pressure to the lOliler pressure. Of course, the time for air 

to flow from the higher pressure to the lower pressure will decide if 

the coriolis parameter is an influence. If the time scale is large 

enough, the flow will become parallel to the isobars. If the region 

has a source to replace thE! mass leaving the east, the wind. will 

continue to blow from east to west, or eventually from south to north 

if coriolis is a factor. 

However, the conceptual wirxl model presented in the previous 

section did not have calm wirds, but there is a moderate westerly wirrl 

in the late afternoon. In figure 4. 3a the wind. am corresponding 

pressure gradient is illustrclted. '!he synoptic, regional westerlies 

are created by a higher pressLlre to the south am a lower pressure to 

the north. 

Cooling near the mountains creates a higher pressure -to the east 

am a lower pressure to the west, am t:. P in figure 4. 3b is the 

increase in pressure near the mountains. '!he increase in pressure near 

the mountains will cause the highest pressure in the region to be in 

the southeast am the lowest pressure in the northwest. 
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This southeast to nortl:west pressure gradient will create a 

geostrophic southwest flow. 'Ihe influence of coriolis is verified with 

calculations of the Rossby number 

Ro = U 
fL 

(4.1) 

where U is the velocity scalle, L the distance scale, and f the 

coriolis parameter taken to b~ 10-4/S in mid latitudes. Tbe following 

calculation of the Rossby nurriber is an estiIration. If U is assumed 

to be approximately 5 ny's anj L is taken to be 100 kIn , then the 

Rossby number is approximately 0.5. '!he smallness of the Rossby number 

indicates the coriolis influence is :i1nportant for the present problem. 

since the coriolis parameter is now considered an influence, it is 

of interest to understarrl in detail how a slight t.enperature gradient 

will lead to a substantial geostrophic wind. It is first necessary to 

put pressure in terns of temperature. We first start with the hydro-

static equation 

dP = - PgdZ (4.2) 

where P is pressure, Z is height, g. is gravitational a1xeleration, 

and P is the atmospheric density which is a function of pressure and 

t.enperature. 'Iberefore, we will substitute for density in equation 

( 4.2) by using the equation of state 

P = P 
RT 

(4.3) 

where T is the absolute tenperature in kelvin, curl R is the universal 

gas constant, 287 JJkIkg. 'Ibis substitution will result ir. 

dPp=_~dZ 
RT (4.4) 
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which can be integrated vert.ically. Integrate the right side from Zl 

to Z2 where Z2 > Zl' am integrate the left side from the! pressure at 

Zl' P(Zl)' to the pressure ai: Z2' P(Z2) to get 

P(Z2) 
In P(Zl) -- - TTl (Z2 - Zl) (4.5) 

where T I is the average tell1?E!I'Clture in the integrated layer, 6. Z = 

Z2 - Zl· We will assume from here on that P(Z2) = constant., therefore, 

we solve for P(Zl) to get 

(4.6) 

With this equation in miOO we will now establish two sites ~ and 

~ separated by 50 kin. In the free atmosphere abc:We th~.e sites is a 

layer, 6. Z = 1 kID. Both sites have the same pressure at ;~2 v 

PA (Z2) = PB (Z2) = 700 mb 

where the subscripts A and B represent sites ~ and ~I :~ively. 

Initially we will assume both sites to have the fxnte average 

te:rrperature within the layer . 6. Z (eg. T I A = T I B = 273 K). Using 

equation (4.6) we fim that the pressure at both sites at height Zl is 

793.26 mb. 

Using the geostrophic wirxi equation in the y-cuuponent 

v = _...L ap 
9 pf ax (4.7) 

we fi.rx:i that with no pressure gradient there is no geostrophic wi.rx:i 

(assuming that there is no x·-coI1'p:)nent wird). 

Nav some c::x:x>ling has tak«m place at site ~ so that T I B = 272.5 K. 

Using equation 4.6 and assumirq that Z and P(Z2) remain In"'~ed 
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which is 

PB(Zl) = 793.44 rob • 

Because of this cooling within the layer there has been a pressure 

increase at site ~ at height Zl. Now retmning to the geostrophic 

wind in the y-corrp:>nent at height Zl between sites ~ am XB 

1 PA(Zl) - PB(Z2) 
= 

pf 50 kIn 

to get a geostrophic wind 

Vg = 3.6 IIVs • 

In surnma:ry, a temperature gradient of 0.5 K will resul1: in a gee­

strophic wind of 3.6 IIVs. 

c. surnma:ry of thennal gradient 

A thennal gradient across the region of western Colorado will be an 

instigator of wirrls similar to the wirrls observed in the IL. From the 

thennal observations, a thennal gradient was shown to exist in the IL, 

as a result of the thennal gradient, a northwest to southeast pressure 

gradient is created on a constcmt height surface. 

2. Mountain blocking 

a. explanation of blocking 

Mountain blocking is a ftnction of wirxi am stability. In the 

afternoon, stability is considered very weak or even neutral. It was 

explained earlier how a parcel in a neutral enviromnent will behave; 

the parcel forced vertically will not retun'l to its initial level. In 

this enviromnent, the potenticu. for the wind flow in the IL to lift 

over the mountains is very l~Je. '!he flow will lift very E~ily over 

the muntains, because there is no restoring force to return the flow 

to its initial level. 
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The stability of the atnlOSIilere increases throughout the night. A 

parcel lifted vertically in a stable envirorment will r<etum to its 

initial level (see chapter :I) • In this environment, the air will need 

more kinetic energy to lift itself over the rrountains. 'Iherefore, the 

p:::>tential for a parcel to lift over the mountains :in a stable 

envirornnent is very small. 

b. stability model 

Most clear, dry days of western Colorado begin with a \>i'eakly stable 

or sometimes neutral Convective l301.lrda.ry layer (CBL). ],S the night 

progresses, atmospheric stability grcMS from the valley floDr upward to 

. heights well al:xJve valley top. Figure 4.4 is a concepb.:al nmel of 

stability for our imagina1:y valley in the region of western Colorado. 

'Ibe afternoon has a neutral layer over 3.5 kIn Above Sea level (ASL) 

(see figure 4.4). At about an hour past sunset, a shallow frt:able layer 

has formed in the valley, arrl the CBL is still present al:xwE~ the stable 

layer. Several hours after sunset, stability groos to 0.5 }crn al:xJve the 

valley top, but it is very WE~ al:xwe the valley. Seven hours after 

sunset, stability is present up to rrountain top height. At valley top, 

stability is 5-10 k/km arrl weakens with increasing elevation. At ten 

hours after sunset, stability has not increased in elevation any more, 

but stability has strengthened. 

Bader et ale (1987) explains the large effects shear has on the 

depth of stability. without the shear iIrluce:i turbulence, the 

stability was very strong but shallow, therefore, the addition of 

tw::bulence increases the depth of stability but weakens i~:. As the 

noctumal drainage wiOOs fom in valleys beneath am the w:Lrxi changes 

direction in the IL, the spE~ am direction shear relative to the 
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westerlies above provide a medlanism to increase tuIDu1ent mixing am 

to effectively mix cold air upward fram the valleys am mesa tops into 

the IL. '!he increase of stability above the mesa tops will also 

increase the tendency for air west of the IrOUl1tains to be blocked by 

the mountains. 

c. evidence of blockin:J (l"roude Ntm1ber) 

'!he amount of blocking in a region is a function of wirrl velocity, 

stability, arrl the height of the barrier. A representation of a 

barrier's capability to block is the Froude mnnber, 

Fr 
v == 

NZ 
(4.9) 

'!he Froude m.nnber is a ratio of kinetic energy to poten1::ial energy • 

'Ihis basically sha,vs whether the wirrl fleM' has suffici.ent kinetic 

energy to c:c::mpensate for the work represente:i by lifting the parcel a 

distance, !::.Z, in an environm:mt with stability, de/dz. '!he larger the 

Froude number, the less blcx::king. A small Froude mnnber m:ans the 

wirrl's velocity is not capable of overtaking the potential energy 

necessary to overcame the stability (ie. blocking). Generally a Froude 

ntnnber less than 0.4 means 1:hat same blocking is present. A Froude 

number less than 0.1 means ~t:hat significant blocking is present. A 

Froude number greater than 0.4 means that the fleM' is capable of 

liftinj over the barrier (stull, 1988). 

Calculations of the F:roude number do require same initial 

assumptions . '!he layer of calculations (in this case the IL) is 

assumed to have a uniforni 11lirrl velocity. Wirrl velocity is chosen 

carefully for IL calculations on the night of the 19th-20th. 
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Froude numbers for three t.imes are given in table 4.1. '!he values 

at 16: 00 MST irxticate essentially no blocking for the corrlitions at 

Table 4.1 

Froude numbers on September 19-20, 1984. 
Times shown are MST. 

site 16:00 22:00 1:00 
---

Meeker 0.31 0.23 0.2!> 
Rifle 0.39 0.30 0.23 
Rangely 1.40 0.33 0.31 

Rangely but some blocking is indicated at Meeker and Rifle. 'lhe Froude 

mnnbers for data times reflect the changes in wind direction which 

yie~d a smaller speed peIpel'Dicular to the mountains. Cllanges in the 

woo occur in less time than the three hours between soundings. A 

diurnal increase in blocking is suggested by the values (pcrticularly 

at Rangely) but can not be proven with this data. 

c. effects of blocking 

'lhe existence of blocking is JlCM apparent. HCM does it affect the 

IL over western Colorado? Fic;:rure 4. Sa and 4. 5b are illustrations of 

the air flCM in the afternoon and night, respectively • 'lh(~ air will 

lift over the mountain in an afternoon with a neutral envirornnent, and 

nighttime stability will enhanoa mountain blocking. 

At night, the air flCMing t:oward. the IOClUI1tain becomes blxked, the 

air has few escapes and will continue to pile up against thetroUntains. 

'Ibis means m::>re mass will go into the region than out. 'lhe a.ir piling 

near the mountain will increase the pressure near the IOClUI1tians. As a 

result, an east-west pressure c;rradient will fonn on a constant height 

surface, with higher pressure in the east. If the westerlies fowrl in 

the conceptual llDdel are presen1: then a southeast to northwest pressure 
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-:> 
- Mountain Top 

Westerlies 
-------' -

- Meso Top 

Fig. 4.5a. Schematic diagram of the wirrl flow lifting over the 
nountains in a n~utra.l atJoosphere, da/dz = O. 

----~ 
--> Westerlies -> 

- Mountain Top 

--> -> 
- Mesa Top 

Fig. 4. Sb. Schematic diagrcnn of nomtain bloc1<:in;J durin3 the night 
when stability i:; present up to nnmtain top. 
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gradient will develop with the higher pressure in the southeast (see 

figure 4.3b). A pressure qradient of this kirrl, like the thennal 

gradient, will initiate am mlppJrt the IL wirrls observed on the west 

slope of the Colorado Rockies. 

3. Vertical Momenttnn Exchaml~ 

Meeker, Rifle, am Rargely each have a valley drainage with an 

easterly c:orrponent, am have daytime, up-valley flows in thE~ afternoon. 

D..lrirg the day, no noticeable effect of winJ direction is present 

because the westerlies will sj..nplyenhance the up-valley flow as in the 

conceptual IOOdel. At night, the valley drainage am westerlies have 

nomentum in the opposite direction, am the result is an increased 

vertical shear of the winJe '!he increased shear should lead to an 

increased vertical mix:i.rq of the air. '!he result would be to mix cold 

air fOnrel near the mesa tops upward to fom a deepe:r layer of 

increased stability. 'Ihe effect of nanentum exchange on wird direction 

are not as obvious. Each valley shows a rapid transition of nighttiIne 

wirrls parallel to .the vallE!y axis at night to a southerly wirrl 

inunediately above the valley. 

A fourth valley \¥hich dem:mstrates this trait of wirrl direction is 

Brush Creek. In figure 4.6 is a wirxi profile from the CSU site in 

Brush Creek on the night of the 19th-20th. Brush Creek has a ridgetop 

at approximately 0.6 kIn .Above~ Grourrl Level (AGL), am drains from the 

northwest to the southeast. The CSU site is located near th,: middle of 

the valley, am has an elevation approximately 1. 9 krn ASL. 'Ihe figure 

shows a valley drainage up to 0.3 krn AGL, 2.2 krn ASL, arrl the air is 

calm up to 0.6 krn AGL (2.5 kIn .ASL). At 1:05 MST, the air above 2.5 :kIn 

ASL is from the south, \¥hich is the same direction observed at Meeker, 
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Fig. 4.6. Wird t:iDe seriE!S fran the CSU site at Brush (~ on 
19-20 September 1984. Brush creek has an el{!Vation 
of 1850m ASL. Sunset is at 18: 18 MST arrl sunrise at 
6: 06 MST. Horizontal axis :represents soun:tirg times 
in MSl'. Wirrl vectors point in the direction the wirrl 
is gol.n;J with north beiIg the top of the gra]~. Line 
A arrl B :represEmt mesa top and IOOUIItain top heights, 
respectively. 
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Rifle, am. Rangely. '!he valley is draining in a direction that should 

enhance the westerlies. 

Using Brush Creek as an exanple along with the other sites, the 

wind direction observed in the IL is not consistent with a vertical 

momentum exchange. 



CHAPI'ER V 

a:>NCIlJSIONS 

'!he west slope of the Colorado Rockies has topographical features 

consisting of mesas in the western portion arrl high nountainous terrain 

. in the eastern portion. Observations from this region show the 

existence of an intennediate layer exhibiting diurnal variations in 

both wirrl arrl thennal structure.· '!his intennediate layer is a vertical 

layer above mesa top height and belCM mountain top height, 2.5 km to 

3.5 km above sea level. As the night progresses, the jntermediate 

layer's westerly flCM of the late afternoon changes to winds: increasing 

in velocity and rotating in a clockwise direction with increasing 

height. 

'll1e first of two physi:::al mechanisms which can explain the 

existence of this diurnal variation in the wirrl structure observErl in 

the intennediate layer is the development of an east to west thennal 

gradient. In an evening with clear, dry conditions, the air within the 

intennediate layer nearer to the high terrain will cool nore relative 

to the air farther away. Because of this coolinJ pl:1::x:::ess, the 

intennediate layer should devt=1op a pressure gradient on a constant 

height surface with the higher pressure in the east near the mountains. 

A thennally driven circulation initiaterl with this cooling pattern will 

support the diurnal variation Clf the wirrls abservErl in the intermediate 

layer. 
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~p stability grcmt.h during the night leads to a secord physical 

mechanism explaining the existence of the wirrl structure's diurnal 

variation observed in the intermediate layer. n.tring days with a 

neutral or weakly stable convec:tive l:x::>urrlazy layer, westerly wirrls have 

little difficulty lifting over the mountainous terrain in the eastern 

portion of the region. Even:lng stabillty grows well above the flat 

mesas adj acent to the high terrain up to approximately 3.5 km above sea 

level. Because of this stab.ility, the westerly flow will have less 

potential to lift over the mountain barrier thus a blocking of the wirrl 

can occur. An excess of mass will develop a higher pressur-e near the 

mountains, which creates a pressure gradient within the intermediate 

layer. A pressure gradient of this kirrl, like the thennal gradient, 

will support the wirrls absel:ved in the intermediate layer. 
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APPENDIX A 

NATIONAL WFMHER SERVICE MAPS FOR AScr:Jr t 84 

'!his appendix rontains weather maps for the the ASa:Jr September 

1984 field ~iment. Contained in the appendix are OOZ ar.d 12Z maps 

for 700 mb am 500 mb. Lines of ronstant temperature are represent by 

the dashed lines at an inte:rval of 5 C. Lines of ronstant thickness 

are representerl by the solid lines at an inte:rva1. of 30 m for 700 mb 

am 60 m for 500 mb. 
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Fig. A.I. '!he OOZ, 70':> rob NWS map for 18 September 1984. 

Fig. A. 2 • '!be OOZ, 500 mb NWS map for 18 September 1984. 
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Fig. A. 3. '!he 12Z, 700 rob NWS map for 18 September 1984. 

Fig. A.4. '!he 12Z, 500 rob NWS map ,for 18 september 1984. 
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Fig. A.5. '!he OOZ, 700 rob NWS map for 20 September 1984. 

Fig. A.6. 'Ihe OOZ, 500 rob NWS nap, for 20 Septe.rrber 1984. 
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Fig. A.7. '!he 12Z, 700 lIlb NWS ma~ for 20 September 19:34. 
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Fig. A.8. '!he OOZ, 700 mb NWS map for 26 September 1984. 
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Fig. A.9. '!he OOZ, 500 1m NWS map for 26 September 1984. 
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Fig. A.10. '!he 12Z, 700 lID NWS map for 26 September 1984. 

Fig. A.1I. '!he 12Z, 500 lllb NWS map for 26 September 19B4. 
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Fig. A.12. '!he 12Z, 700 W:> NWS map for 30 September 1984. 

Fig. A.13. '!he 12Z, 500 lllb NWS map for 30 September 19:34. 



APPENDIX B 

WIND OBSERVATIONS F'R(lv1 ASa:Jr '84 SEPI'EHBER 

These are wind obseJ:vations taken fram the upper air sounding sites 

during the ASCJ::Jr September 1984 field experiment. '!he observations are 

from Rifle, Meeker, and Range:.y on 17-18, 25-26, 29-30 SeptE:mtber 1984. 



Fig. B.1a. Wind time series for Rifle on 17-18 SepteInber 1984. 
Height is in kilometers Above Sea Level (ASL), arrl 
Rifle is 1692 m ASL. Horizontal axis represents 
sourrling t~ in Mount~in Stamanl Time (MST) with 
sunset arrl sunrise at 1:3: 19 MST am 6: 00 MST, 
respecti vel y. Vectors p::>int in the direction air is 
going, an:i north is the top of the graph. Lines A arrl B 
represent mesa top arrl :!IX)UI'ltain top heights, 
respectively. 

Fig. B.lh. Same as figure B.la except it is for Meeker, which has 
an elevation of 1947 m ASL. 

Fig. B.1e. Sa:re as figure B.1a e}C::ept it is for RanJely, 'Which has 
an elevation of 1607 m ASL, arrl sunset is at 18: 22 MST 
and sunrise at 6: 04 MS'r 
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Fig. B.2a. wirxi time series for Rifle on 25-26 September 1984. 
Height is in kilcmeters liliove Sea level (ASL), am 
Rifle is 1692 m ASL. Horizontal axis represents 
SOI.ll'Xiin3' tilnes in Mountain Starrlard Tilne (MST) with 
sunset am sunrise at :.8: 02 MST am 6: 05 MST, 
respectively. vectors point in the direction air is 
goi.n;J, am north is thH top of the graph. Lines A and B 
represent mesa top am muntain top heights, 
respectively. 

Fig. B.2h. same as figure B.2a except it is for Meeker, which has 
an elevation of 1947 m ASL. 

Fig. B.2c. same as figure B.2a exl:ept it is for Rangely, which has 
an elevation of 1607 m ASL, am sunset is at 18: 06 MST 
am sunrise at 6: 09 MS'l' 
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Fig. B.3a. wind time series for Rifle on 29-30 september 1984. 
Height is in kilareters NtxNe sea Level (ASL), am 
Rifle is 1692 m ASL. Horizontal axis represents . 
S01..ll'XiinJ ti.toos in Mountain starrlard Time (MST) with 
sunset am S'lmrise at 17: 56 MST arrl 6: 09 MST, 
respectively. vectors I=oint in the direction air is 
goin;l, arrl north is the top of the ~. Lines A am B 
represent nesa top am IOOllIltain top heights, 
respectively. 

Fig. B.3b. Sane as figure B.3a exc:ept it is for Meeker, which has 
an elevation of 1947 m ASL. 

Fig. B.3c. Sane as figure B. 3a exc~ept it is for Rargely, which has 
an elevation of 1607 m ASL, ani sunset is at 17: 59 MST 
ani sunrise at 6: 13 MS'l' 
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APPENDIX C 

rorENI'IAL TEMPERA':CURE PIDI'S FRCl1 ASror 184 

These are potential temperature plots from the upper air sounding 

sites during the ASror September 1984 field experiment. '!he observa­

tions are from Rifle, Meeker, and Rangely on 17-18, 25-26, 29-30 

September 1984. Each night has three separate graphs from each site. 

Each graph contains only thrl:!e soundings in order to alleviate 

sloppiness. 
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APPENDIX D 

STABILITY PIDI'S F.RCM ASaJr '84 

'Ihese are stability plots f;:'O.m the upper air sounding sites during 

the AScor September 1984 field experiment. 'lbe abseJ:vations are from 

Rifle, Meeker, and R.an;Jley, on 17-18, 25-26, 29-30 September 1984. 



Fig. D.la. Cl1a.rqe of potential telTgJerature with height for Rifle 
on 19-20 september 1984. Height is in kilcmaters MxNe 
Sea Level (ASL) with Rifle at 1692 m ASL. Horizontal 
axis represents souniin~ in MST am stability. Rifle 
has sunset am sunrise at 18: 19 MST am 6: 09 MST, 
respectively. Lines A arD B represent nesa top am 
nountain top heights, rI~ively. 

Fig. D.Th. Same as figure D.la exo:!pt for Meeker, which has an 
elevation at 1947 m ASL. 

Fig. D.lc. Same as figure D.la except for Rargely, which has an 
elevation of 1607 m MI. SUnset am stmrise are at 18: 22 
arrl 6: 04 MST, respectively. 
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Fig. D.2a. Cllarge of potential teJ:tperature with height for Rifle 
on 25-26 Septe.mber 1984·. Height is in kilometers Above 
Sea level (ASL) with Rifle at 1692 m ASL. Horizontal 
axis represents soun::lirgs in MST am stability. Rifle 
has Sl.n1Set am sunrise at 18: 02 MST am 6: 05 MST, 
respectively. Lines A c:1l'Xi B represent mesa top ani 
ltOLlIltain top heights, I:especti vely • 

Fig. D.2b. Same as figure D.2a exc~ for Meeker, which has an 
elevation at 1947 m ASL. 

Fig. D.2c. Same as figure O.la ex<=ept for R.a.rqely, which has an 
elevation of 1607 m ASL. sunset arrl sunrise are at 18: 06 
ani 6:09 MST, respecti',ely. 
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Fig. D.2c. Rangely: oe/oz (C/ .1km) Time Series 9/25-26/84 



Fig. D.3a. 0lan:Je of potential t:eq;le.rature with height for Rifle 
on 29-30 September 1984. Height is in kilaneters Above 
sea level (ASL) with Rij:le at 1692 m ASL. Horizontal 
axis represents SOlll'Xiin:fS in MST am stability. Rifle 
has sunset am sunrise at 17: 56 MST am 6: 09 MST I 
respectively. Lines A ani B represent mesa top am 
IllOLU'ltain top heights, :re!SpeCtively. 

Fig. D.3b. Same as figure D.3a exa¢ for Meeker, which has an 
elevation at 1947 m ASL. 

Fig. D.3c. Same as figure D.3a exa¢ for Rargely, which has an 
elevation of 1607 m ASL. sunset am sunrise are at 17: 59 
am 6:13 MST, respectiVEUy. 
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Fig. D.3a. Rifle: Da/n (C/ .1km) Time Series 9/29-30/84 
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Fig. D.3b. Meeker: De/DZ (C/ .1 km) Time Series 9/29-30/84 
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Fig. D.3c. Rangely: oe/oz (c/ ., km) Time Series 9/29-30/84 
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