Transport Processes in Orographically Induced Gravity Waves
as Indicated by Atmospheric Ozone

By
James E. Lovill

Department of Atmospheric Science
Colorado State University
Fort Collins, Colorado

Prepared with support under Grant E-10-68G from the National Environmental Satellite
Center ESSA, and from Contract AT (11-1)-1340 with the
US Atomic Energy Commission.
February, 1969




=) 3

+

Vs TIIENT

:“‘o!‘

] - oL

- 2 b

1

P = Lo IR

PN




TRANSPORT PROCESSES IN OROGRAPHICALLY
INDUCED GRAVITY WAVES AS
INDICATED BY ATMOSPHERIC OZONE

by
James E. Lovill

This report was prepared with support
under Grant E-10-68G from the
National Environmental Satellite Center, ESSA
and from Contract AT(11-1)-1340 with the
U.S. Atomic Energy Commission

Department of Atmospheric Science
Colorado State University
Fort Cellins, Colorado

February 1969

Atmospheric Science Paper Number 135



Abstract

A high performance sailplane equipped to measure ozone, tempera-
ture and vertical velocities studied a 125 km? area simultaneous with
the release of an ozonesonde and ESSA and NASA satellite obserwvations.
Theoretical Scorer parameter computations compared favorably with
actual aircraft measurements. Lee wave amplitude, wavelength and ver—
tical velocities were determined by seven independent techniques. One
technique used was to measure the structure of the lee wave from an
ozone implied undulating flow pattern. Another was the measurement of
the wave via satellite. Unique ozone sensor flow rate calibrations
were also conducted during the study.

In a second study, Boulder, Colorado, received extensive wind
damage from winds greater than 56 ms™!. This occurred during large-
scale descending air motions to the lee of the Continental Divide on
7 January 1969. This chinook condition is suggested to have been the
result of large amplitude lee waves. Air of recent stratospheric
origin is reflected in ozone concentrations at the surface in Boulder.
Two mechanisms are suggested by which stratospheric air, in a short
period, could arrive at the surface. Both mechanisms use as the main
transport process the orographically-induced gravity wave.
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[. Introduction

A case study was conducted during lee-waving conditions in the
Jolorado Rockies on 10 October 1968. An aircraft was used to probe the
irea using various sensors. Ozone and radiosondes were released from
1ear the Continental Divide and at Denver. The aircraft was radar
:racked for exact positioning. Additional temperature and wind data
ias ascertained from permanent stations at the Continental Divide. A
irief case study is presented of a high surface wind situation and a

irobe conducted into its possible cause.

Ozone theory. Trace gases (artificial and natural) have been used
xxtensively during the last two decades to better ascertain large scale
itmospheric motions [e.g., Junge and Manson, 1961; Newell, 1963; Reiter,
963a; Hering, 1966; Kruger and Miller, 1966; Machta, 1966; Breiland,
968] and in the last decade at an ever increasing tempo to measure
maller scale atmospheric flows, e.g., pollution in urban areas and
pper and lower troposphere motions [Newell e% al., 1966].

A trace gas recognized for its quasi-conservative properties at
ertain altitudes and in certain regions of the atmosphere is tri-atomic
xygen or ozone. In the region of the troposphere and the lower
tratosphere, due to the property of recombination, ozone can generally
e considered a quasi-conservative entit& [Paetaold, 1953].

Regener [1941] first advanced the theory that ozone in the
roposphere originated in the stratosphere. The obvious exception to
his is the ever growing ozone production in the lower troposphere by
rban complexes [Lea, 1968; Lovill and Miller, 19687]. The surface is
enerally a sink [Regener, 19577 for ozome. Of more interest in the
igher atmosphere, dust and other gases can result in the destruction
E ozone [Dillemuth et al., 1960; Pittoek, 1966]. Dust and other
aterial tend to concentrate at the base of temperature inversions in
1e troposphere and it would seem that ozone destruction would be at
:s maximum here rather than immediately above or below, however studies
ive shown that the maximum of ozone is found within the inversion--

:ar the middle--rather than at the base [Lovill and Miller, 1968]. It

; essential in tracing that one knows the source of the comstituent



eing used. Near complexes that produce ozone at the surface, one must
ake paramount consideration of the fact that the tracer depends upon
pward mixing. Above one to two kilometers one can restrict the number
£ sources to, in general, one—~that of the stratosphere. Kroening and
'eyy (19627 suggested that ozone soundings which they conducted indicated
ivers of ozone flowing from the stratosphere to the troposphere. A
tudy (centered two kilometers above and below the tropopause) indicated
. possible method of transport from the stratosphere, across the tropo—
ause, into the troposphere [Lovill, 1968]. By detailed observation of
zone and potential temperature, the construction of a picture regard-
ng fine scale structure and motions is possible. The study was con-
erned with 21 cases at an average height of 18 kilometers and indicated
hat in the stratosphere were finite layers (laminae) with higher
.omentum, lower potential temperature, and higher ozone content than
ayers immediately above or below. Even more interesting was that in
he upper troposphere layers were found that had lower momentum, higher
otential temperature, amd higher ovzonme concentrations-than layers
mmediately below or above. This paper will be concerned with using
‘hese "rivers" or filaments of ozone together with its quasi-conservative

'roperty to trace atmospheric motions in the middle and upper tropo-

;phere.

Lee wave theory. A barrier can affect the horizontal component of
iir perpendicular to it in three ways: (1) that the air will be forced
‘0 rise over the obstacle, or (2) that the air will move around the
rarrier, or (3) a combination of one and two. If the barrier is made
nfinitely long perpendicular to the flow, the only possibility will
e (1). 1In general, possibility (1) presents the best case for a wind
.mpinging on the generally N-S-oriented Rocky Mountains. The first
itudies into the atmospheric flow patterns produced by mountain ranges
jere conducted by Lyra [1943] and Queney [1947]. Lyra [1943] in his
:heoretical treatment obtained lee waves such that the amplitude of the
vave decreases downstream and increases with height. Queney [1947]
jemonstrated, among other things, that the vertical component of the

:arth's rotation and the amount of stability directly affected, and



contributed highly to, the wave equations developed in his theory of
perturbations in stratified currents.

The solutions derived by Lyra and Queney suffered inadequacies
and this was recognized by Scorer [1949, 1953, 1954] in different
approaches to the problem. As a practical matter, it is known that the
very long wavelengths discussed by Queney are not the typical lengths
encountered in the lee of mountains [Lilly, 1968]. It is also known
that the wave amplitude decreases at great heights in the atmosphere.
In deriving an equation for the stream function, Scorer [1949] studies
a case that has isentropic flow, and that is laminar, frictionless,
and stationary. In addition, due to the small wavelengths involved, he
neglects the earth's rotation. With these simplifying assumptions, the
following equation is derived

3%y _ Ay B 1L3% .o o
SEg' (R o iQe- G - Bl =0 ®

#here |y = stream function
2

c“ = speed of sound
" s 1 36
B = static stability = & =

U = wind speed (generally computed normal to the mountain in the

undisturbed air stream)
z = height measured vertically upward
k = wave number in x-direction
U " -
e e change of wind shear in the vertical.
In the above equation, Scorer neglects 3y/dz implying that its
:ffect is small. The equation therefore simplifies to

2 2
B -1iT) -y -0 (2)

n (2) g% - %-%;g is referred to as 22 and called the Scorer parameter.
t is indicative of the possibility of the formation of lee waves and,
ut of theoretical necessity, its magnitude after being high in the
ower troposphere must assume lower values at greater heights. Scorer

howed that with two layers, the lower of depth h, a wave can occur if



Ezlnwet - Ezupper > Zﬁ;—. This requirement for lee waves, in con-
junction with the changes of 22 as a function of height, has been
discussed by many researchers [Scorer, 1949; Corby, 1954; Foldvik,
1962; Conover, 1964]. The second term in the Scorer parameter (the
vertical wind shear) is difficult to compute from the ordinary two-
minute interpolated winds obtained during a radiosonde ascent. In
addition, it is rather obvious that even a small change in the U with
height results in a rather large fluctuation of the 32U/3z?. (Attempts
were made to compute this term, but’ they were rather disappointing and
always subject to large error.) This study will therefore neglect the
vertical- wind shear term (a practice frequently done [see, e.g.,
Foldvik, 1962; Conover, 1964]).

Orographically-produced lee waving can serve as the origin of
clear air turbulence (CAT) and can be the direct cause of transport
of stratospheric air to the surface [Reiter and Hayman, 1962; Reiter,
1963a; Reiter and Mahlman, 1965; Reiter and Foltz, 1967]. CAT in the
vicinity of lee waves and tramsport across the tropopause will be of

concern in this study.

II. Instrumentation

Aireraft deseription. The aircraft used in the lee wave study
was a Schweitzer 232 high-performance sailplane--The Explorer. A sail-
plane was chosen for two reasons: (1) the sailplane's forward speed
generally remains a constant factor; a powered aircraft, on the other
hand, has a variance of speed depending on power usage as the gross
weight changes. The sailplane therefore comes closer to flying a true
air trajectory than any other type of aircraft--the importance of this
will be clear later. (2) The response rate of the atmospheric research
instruments require a slow-moving airborne platform in order to obtain
the best possible results during an experimental study such as this.
Later, research using these instruments can be conducted using faster
airborne platforms. But for the specific aim of this study, The
Explorer was deemed superior.

The Explorer (Figure 1) was purchased by the Explorers Research
Corporation (ERC, Lowell Thomas, honorary chairman), a non-profit

affiliate of the Explorers Club of New York. $10,000.00 of instrumen—



Figure 1. The Explorer sailplane. Location of the temperature

ensor denoted by 1. The ozone sensor intake is located on opposite
ide of fuselage.

ation was installed in The Explorer with cooperation and funding by
SBA, AFCRL, FAA and NASA. The instrumentation is shown and described

n Figure 2. With the single exception of engine controls, the instru—
ent panel is the same as in a small jet.
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Figure 2. The Explorer instrument panel.



Physically, The Explorer can withstand 12 G's; has a glide ratio of
5:1; is equipped with oxygen for altitudes up to 45,000 feet (14 km)
~~with a pressure suit this could possibly be extended to 80,000 feet
25 km, 28 mb). No sailplane in the world, at this time, is equipped
;0 perform at such high altitudes with such precision and scientific
otential as The Exﬁlorer [Pan Am Clipper, 1968].

Ozone sensor deseription. The ozone sensor used in the aircraft
7as an Electro Chemical Concentration Cell (ECC) des{gned by Komhyr
"1967]. The ozonesonde (a carbon-iodide (CI) ozone sensor) was of an
>lder design [Komhyr, 1964; Lovill, 1968]. The ECC and CI ozone sensors
ire basically of the same internal design, response rate, size, etc.

[he ECC has, however, eliminated the use of carbon in the sensor system
-—-this and other slight modifications are described by Komhyr [1967].

Various flow rates and sensor response are described below (the

lescription of the sensor is elaborated upon in the section describing

the €I ozonesonde). The ozone sensor recording device was mounted in front

of the meteorological observer positioned in the rear seat (Figure 3).

-

Figure 3. Ozone and temperature recorders on The Explorer. The
display is situated for viewing by the meteorological observer in the
rear compartment. (From left to right: 1 - ozone sensor battery, 2 -
ozone sensor recorder, 3 - temperature sensor recorder.) Note instrument

panel is visible in the background.



This positioning allowed the observer to have clear viewing access of
the ozone sensor recording chart and the temperature probe chart

(Figure 3, location 2 and 3, respectively), in addition to the control

panel in front of the pilot. The Explorer cabin is not heated, and

since it is important for the general performance and response rate of
the ECC sensor to maintain temperatures greater than 0°C, the sensor

vas placed in a stationary position within the observer's parka. The

:emperature of the sensor was monitored and maintained nearly cOdnstant.

ipace limitation prevented the use of a heating cabinet.

Before the ozone data gathering process was begun, it was deemed
ecessary to ascertain to what extent the flow rate of the ozone sensor

ould be affected by various aircraft maneuvers. The type of maneuver,

ltitude, vertical velocity and flow rate are presented in Table 1.
his experiment indicated, interestingly, that the greatest change in

ir flow (extreme limits) was only 1.3%Z. A fraction of this could be

1 measurement error, but this was minimized by taking five cases for

ich set of data. The deviation from an average value is épproximately

.7%, therefore the error limit probably ranges from 0.5-1.0%Z. 1In
most all studies, this is well within the required accuracy of the

:periment. For the purposes of this study, the error was considered

gligible.

Response rate. The electrochemical sensor, while measuring ozone

an absolute scale, does not have an instantaneous response time. The
sponse time of the sensor used is indicated (Figure 4) from laboratory
sts made immediately prior to the flight. The experiment was conducted
296°K. Indicated is a 547 step change in 10 seconds and a 97% change

60 seconds. For the aircraft velocities of this study, the ozone

1sor response was well within the tolerable lag limits.

The temperature probe consisted of a rod thermistor and self-
itained recorder unit constructed at NCAR especially for the study
'te location of the temperature probe in Figure 1, the ozone sensor

ake is positioned on the opposite side of the aircraft in the same
ation).



Table 1. Flow rate under various aircraft maneuvers.

Type of Maneuver® Altitude (meters) Average Flow Rate
) (m%/min)
On "tow" - ascending 4,850 181.8

at 1.3 ms™! - airspeed
~ 35 ms™} ~ heading

270%.

Descending - airspeed 4,150 180.6
~ 30 ms™! - heading

270°.

Descending - airspeed 3,660 179.6

" 38 ms ' - heading 90°.

Ascendin% —~ airspeed 3,810 181.7
- 28 ms ! - 30° bank -
heading 330°.

Zero rate of climb - 3,750 179.3
airspeed ~ 30 ms™! -
heading 310°.

Side slip - airspeed 2,530 179.5
~ 33 me™! - heading 270°.

Descending at 5.5 ms™! - 2,780 179.6
airspeed ~ 50 ms~! -
heading 90°.

* wind at 4,570 meters =

270° at - 15 ms~!.
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Figure 4. Response rate of the electrochemical concentration cell
(Komhyr Ozone Sensor). See text for elaboration.

Surface equipment deseription. Radar. The positioning of the air-
craft was obtained by an NCAR automatic radar tracking system (modified
T33) (see Figure 5 for location of the unit), The accuracy of the system

at 38 kilometers is *14 meters. Exact x, y, z location was therefore

obtained continuously.

W et

Trocking Site

2530, -
Marshal Radar and
Radiosonde

Tracking Site

Figure 5. Diagram encompassing area of lee wave study.



Ozonesonde. A carbon iodide (Komhyr) ozonesonde was used in the
study (Figure 6). The device was chosen because of several attributes:
it is simple in design, lightweight, compact, and capable of providing
jata on an absolute scale. This device has been extensively described
>y Komhyr [1964, 19687 and used successfully in a study in California
“Lovill and Miller, 1968].

Figure 6. The carbon-iodine ozonesonde (the earlier model of the
Komhyr ECC ozone sensor). Denoted in the figure: 1 - cathode chamber,
2 - anode chamber, 3 - sensor pump, 4 - instrument commutator, 5 -
power supply connection, 6 - channel for data flow to radiosonde trans-
mitter.

The sensor anode and cathode, tubing and pump are constructed of
Teflon, a substance inert to ozone. The CI ozone sensor in the ozone-
sonde required a period of one to two hours of preflight calibration
several days prior to the flight.. Immediately before the flight a final
calibration and check was conducted (Figure 7, the sensor is receiving

a high concentration of ozone from a Regener generator). The Komhyr

10



ozone sensor with dimensions of 13 by 8 by 7.6 cm proved most acceptable

in the small space available on the aircraft.

Figure 7. Calibration of Komhyr ozone sensor. Figures denote: 1 -
yzone sensor, 2 - syringe and needle for solution injection into cathode
ind anode chambers, 3 - Regener ozone generator, 4 - air intake, 5 - air
‘low-rate adjustment, 6 - shutter control for ultraviolet source, 7 -
yzone outlet, 8 - drying tower, 9 - flow-rate calibration buret.

Release site. The ozonesonde release site was selected to be
Brainard Lake (BLK) which is just to the east of the Continental Divide
at 3141 meters altitude (see Figures 5 and 8). The site was selected
on the basis that it was easily accessible and near the Divide. It was
extremely important that the ozonesonde release site be on the western
boundary of the ozone lee wave tracing area (shaded area, Figure 5).

One of the goals of the experiment was to attempt an aircraft rendezvous
with the ozonesonde (the first time this has ever been accomplished
using ozone sensors) several kilometers above and to the lee of the

Brainard Lake release site. This was done in order to achieve a

11



omparison between the two instruments and insure a more accurate later
nalysis. Later analysis of the radar positioning of the aircraft and

he computed ozonesonde trajectory indicated that the separation distance
etween the two sensors was approximately 1.3 kilometers in the horizon-
al.

\j 30

(-3
Lofoyatie

gotle faoen
dhﬁu
“““ S p) ln o

05" W
Figure 8. Detailed topographical map of Continental Divide region
2ast of Boulder.

Tracking sites. The ozonesonde tracking sites were located at
arshal and Gun Barrel (see Figure 5). Two sites were provided in
rder to insure continuous tracking of the ozonesonde since loss of
ignal was possible due to the distance involved between the release

ite and the tracking site.

Error analysis. An absolute error to the 95 percent confidence
imit is indicated at 0.2°C for the temperature measured by the air-
raft. The probable error in an ozone data point obtained by the air-
raft is less than #5 percent and most likely *2 percent. While this
s to a certain extent subjective, it is none the less objective to the
xtent that the ozonesonde compared to -11% with the Dobson Spectro-
hotometer data and all ozone data points on both sensors were corrected

rom this base value.

12



III. Spatial Distribution of Ozone and Potential Temperature Surfaces

in Orographically Induced Lee Waves

Description of flight path and area of study. The area of study
(shaded area, Figure 5) extended (N-S) from a few kilometers north of
Longmont to a few kilometers south of Boulder and (N-E) from the Front
tange (Continental Divide) to just west of Boulder. Data gathering
vas confined Itéua_ smaller area within the above region. Figure 9 is a
riew of the sharp rise of the western slope of the Front Range. A

>owerful blocking action is forced upon a given air parcel by this

steep N-S barrier.

Figure 9. View (looking west) of the sharp rise of the wes tern
lope of the Continental Divide (from The Explorer at 7.6 km (25,000
2et) MSL). Denoted in figure: 1 - Continental Divide (elevation 3.9-
.3 km (12,700-14,200 feet)), 2 - Middle Park area (elevation 2.5 km
3,300 feet)).

Longs Peak (Figure 10) was the highest barrier to a given particle

n the investigation area. It is not at all uncommon for a single

13



Figure 10. Longs Peak (as viewed from The Explorer at 6.1 km
20,000 feet) MSL). Note the extremely sharp rise of the slope.

enticular cloud (Figure 11) to form over Longs Peak even when no visi-

le evidence of a lee wave exists elsewhere along the Front Range.

Figure 11. Lenticular over Longs Peak.

14



Jue to its shape (Figure 10, also see topography depiction in Figure 8)
and to the fact that it is situated to the east of a general N-S line
>f the Front Range, even low wind velocities tend to set up the mecha-
1ism producing a wave. Figure 11, in fact, was observed with a 5-6 km
vind at Denver of 13 mps. Figure 12 shows The Explorer on 10 October
.n a wave, outside of the wave cloud itself, ascending at approximately

0 ms~!. The flow within the wave is exceedingly smooth.

©

Figure 12. In wave lift. Taken from The Explorer at 5.5 km (18,000
:et) MSL, measured vertical velocity greater than 10 ms™l.

No data gathering was attempted inside wave clouds although it is
1ite feasible as long as radar tracking is provided and the experimen-
11 area is not in a busy air traffic control area. The Longs Peak area
i a busy air center and all flying above 7.32 km (24,000 feet) was
idar tracked and radio controlled by the FAA Denver Center located NW
! Longmont.

Turbulence was encountered on occasion near rotors in the eastern
‘ea of the region of study (see Figure 5). Although the turbulence
isted for generally less than a minute, the acceleration exceeded 1 G

+ occasion. Turbulence was infrequently encountered mainly due to the

15



act that the pilot of The Explorer was experienced in mountain wave
lying. This is not always the situation, and the average pilot of a

ight to medium weight aircraft, if not aware, could exceed its maximum

ust load.

Almost without exception, the N-S5 and E-W flight legs through the

olume studied resulted in extremely smooth flying conditioms.

Flying

n both the ascending and descending position of the lee waves was

uite smooth and the flow seemingly laminar.

Synoptie situation.

On 9 October (Figure 13), the Great Basin,

he Rockies and most of the Great Plains were under the influence of a

arge anticyclonic cell.

(Immediately prior to this period (36 hours)

complex frontal system had crossed the Colorado Rockies.) At 500 mb

n 9 October (Figure 14), winds were W to NW at 25 ms™!,
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Figure 13. Surface synoptic chart for 12 GMT, 9 October 1968

Erom ESSA).

At the surface on 10 and 11 October (Figures 15 and 17), a slow

iigration eastward of the large anticyclone, together with formation of

| weak low in eastern Colorado, produced a surface wind system that
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Figure 14. 500 mb chart for 12 GMT, 9 October 1968 (from ESSA).
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Figure 15. Surface synoptic chart for 12 GMT, 10 October 1968
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resulted in generally SW surface winds of 5 ms™!. At 500 mb (Figures
16 and 18) by the 1llth, the flow was generally zonal throughout the
western United States with velocities of 15 ms™! from the WSW over most
of Colorado. A short-wave pattern seemed to be exhibited in the

temperature structure over NW Colorado.

Figure 16. 500 mb chart for 12 GMT, 10 October 1968 (from ESSA).

A cursory examination on the 10th at 00 and 12 GMT (Figures 19 and
20) of the Grand Junction soundings (upstream of the area of lee wave
study), indicates a wind field above 400 mb very similar to that of
Denver during the same period (Figures 21 and 22). The stable layer in
evidence from 310 to 300 mb at Grand Junction at 00 GMT (Figure 19)

seems to have been replaced by an adiabatic layer twelve hours later
(Figure 20).

In addition to the potential temperature and the resultant wind,
t third parameter, ﬁ% » was obtained. The assumption was made as
xplained earlier that %-%;g would be neglected. In this form, ﬁ% can

e referred to as the Lyra or Scorer parameter (22). A feature noted

18



Figure 17. Surface synoptic chart for 12 GMT, 11 October 1968
(from ESSA).

Figure 18. 500 mb chart for 12 GMT, 11 October 1968 (from ESSA).
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Figure 19. Plot of Scorer parameter (shaded area), potential tem-
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Figure 20. Same as Fig. 19, except for 12 GMT, 10 October 1968.
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generally when lee waves are observed is a decrease of magnitude of #°
with increasing height in the troposphere. Inspection shows that this
is mainly due to wind speed. There is an increase in %2 above the
tropospheric wind maximum because of the greater stability of the
stratosphere and a decrease of wind velocity [Foldvik, 1962; Scorer,
1949, 1953, 1954]. Generally required of the 22 profile is a large
7alue in the lower troposphere. When 22 decreases by approximately an
order of magnitude through a thick layer from its value at the bottom
f the layer, Scorer found that only then would waves be possible.

It therefore appears (Figures 19 and 20) that atmospheric con-
Ations were possible for wave formation at Grand Junction, however
ind components and mountain alignment prohibited this apparently.
owever, to the lee of the Front Range (280 km west of Grand Junction),
enver and Brainard Lake soundings indicated possible lee wave formationm.
he possibility was verified by wave clouds. Figure 23 indicates both
he topographic relief of the Rocky Mountain area in and immediately

arrounding Colorado and the location of Brainard Lake relative to Grand
inction and Denver.
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Figure 21. Same as Fig. 19, except for Denver, 00 GMT, 10 October
8.
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Figure 22. -Same as Fig. 19, except for Denver, 12 GMT, 10 October
I68.

Analysis of soundings of Grand Junction to determine upstream
:onditions of the Continental Divide indicated little could be learned
1f lee wave formation in the lee of the Front Range that couldn't be
vbtained from the Denver sounding. Analysis concerning Grand Junction
7ill be used only as peripheral evidence.

The data gathering portion of The Explorer flight on 10 October
lasted from 1344 to 1955 GMT,-various problems restricted the use of all
f the data however. The data that were used encompass a period from
L700 to 1955 GMT. Most of the data were gathered between 400-600 mb.
lTherefore a past history and location of air particles in that region
at the time will be analyzed using a mesoscale analysis of the Denver

»otential temperature and wind (Figure 24).
Air particles at the top of the area of investigation (400 mb) are

indicated (Figure 24) to have been some 60 hours earlier at 260 mb.
Particles arriving at 400 mb at 1830 GMI were sufficiently close to the
tropopause earlier to have received higher ozone concentrations than
usual for the 400-600 mb level. Particles arriving at the 600 mb level

originated earlier at 480 mb. In general, air arriving at the region
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of concentrated investigation--the 200 mb layer from 600-400 mb--had
been subsiding for the past two days. The wind, in general, backed and
decreased in velocity for a 36-hour period prior to, and during, the
radiosonde sounding at Denver.

The vertical 22 profile indicated lee wave formation possible on
the 10th at 00 GMT (Figure 21) and indeed, as indicated, lee waves were
visible during this period. The %2 profile 12 hours later (Figure 22)
indicated even better lee wave formation to be possible. Around this
period--10 October at 12 GMT--indeed visible lee wave activity seemed
most intense. According to the Denver 22 profiles, the formation of
lee waves was less likely at 00 GMT on 11 October (Figure 25), and even
less likely twelve hours later (Figure 26). The flight period appears
to have taken place during an optimum timz, although the Denver profiles
indicate the data sampling period missed the optimum formation (Figure
22)--being a few hours late. Under weak westerly flow conditions, when
lee waving of light to moderate intensity is occurring, the strongest
vaving occurs during the early morning hours before convective activity

1as the opportunity to disrupt the wave flow.

f Continental
b Divide

Figure 23. Topographic relief map of Colorado and surrounding
ates. (GJT = Grand Junction, BLK = Brainard Lake, and DEN = Denver).
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Two factors, strong wind shears and stable layers, are conducive
o gravity wave formation. The Denver sounding on 10 October at 12 GMT
Figure 22) indicates a strong wind shear zone from 380-450 mb. A
table layer is indicated in this region. On 11 October at 00 GMT
Figure 25), the only strong wind shear in the region of investigation
s between 550 and 600 mb. This corresponds to a nearly adiabatic
ayer. A stable layer is observed from 470-490 mb. The data obtained
rom the Brainard Lake sounding are represented by an ozonagram (Figure
7). Ozone is depicted as a function of height and partial pressure
nb = nanobar). From the surface to 200 mb, ozone values approximate
he 70 ng/g curve. Under nomenclature suggested previously [Lovill,

968], this region would be denoted ozone zone number one. This is

he zone in which vertical mixing is strongest through convection and
urbulence.

Zone two is in evidence from 200-80 mb (12-17.5 km). It is a zone
f weak ozone gradient. This is a region of change from decreasing or
sobaric to increasing partial pressure (a region of increasing mixing"

‘atio). The height of 12 km represents the ozone tropopause [Lovill,
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Figure 25. Same as Fig. 19, except for Denver, 00 GMT, 11 October
968.
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1968]. It is the boundary between the well-mixed tropospheric ozone
and the stratospheric ozonme. This zone is represented by some verti-
cal exchange, probably in this particular case mostly through wave
action.

Zone three is a layer from 80-60 mb (17.5-19.5 km). This is a
zone of strong vertical ozone gradients. Ozone mixing ratios increase
rapidly. Vertical exchange in this region is probably slower and is
determined mainly by large-scale differential horizontal advection,

and to a lesser extent by molecular diffusion.
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Figure 26. Same as Fig. 19, except for Denver, 12 GMT, 11 October
968.

Zone four is representative of the region of maximum ozone pro-
luction; it is also a region greatly influenced by advection. During
‘his investigation two slight peaks are indicated of 128 nb at 52 mb

ind 133 nb at 26 mb.
Zone five is the region immediately above the maximum where the

»zone partial pressure asymptotically approaches zero. This region

:epresents a constant mixing ratio--in this case 10 ug/g.
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A model has been suggested [Lovill, 1968] from which a partial
xxplanation of the transport in the vertical of ozone (or any other
itmospheric constituent) could be obtained. Vertical mixing in the
ricinity of the tropopause occurring by means of wave action produces
‘ilaments of stratospheric air that are interjected into the upper
:roposphere. Tropospheric filaments would have high momentum, low
otential temperature, and low ozone content relative to their environ-
1ent; stratospheric filaments would have low momentum, high potential
:emperature, and high ozone content relative to their immediate
:nvironment. Mixing by eddies would tend to blur the transition zone
ilong the edges of such laminae.

From examination of the computed Scorer parameter, potential
temperature, wind velocity and ozone mixing ratio in Figure 28, several
features can be noted. The surface pressure at Brainard Lake on 10
Jctober was 690 mb. From this point to 670 mb a near adiabatic lapse
rate was visible. From 670 to 650 mb, a super adiabatic layer was in
evidence. Immediately above, from 650-600 mb, adiabatic conditions once

again prevailed. Most interesting is the 100 mb layer from 500-600 mb.
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Figure 28. Plot of ozone mixing ratio (solid line), Scorer param-
eter (shaded area), potential temperature (short, dashed line) and
resultant wind velocity (long, dashed line) at Brainard Lake, 1813 GMT,
10 October 1968.
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In general, the region studied (400-600 mb) had a Scorer param-
eter profile indicative of possible lee wave formation, a wind jet in
the center, a very stable layer in the lowest level (500-600 mb), a
nearly adiabatic layer in the upper level (400-500 mb), and several

ozone filaments or "tongues" throughout the layer.

Ozone and isentropic surfaces cbtained from The Explorer. The
ozone and temperature data used for the analysis of Figure 29 were
obtained between a point over the ozonesonde release site at Brainard
Lake and north to a point 6 kilometers from the release site (this line,
N-8, is from approximately Ward to a point halfway between Ward and
Allens Park; see Figure 8). East-west the data sampling area extends

from the Continental Divide to 25 kilometers east of the Divide.

=~ GEMERAL GROUND TOPOGRAPHY PROFILE——

Wea——

i A ;

2 ] [ 8 [+]
Figure 29. Cross-section of ozone (in nb partial pressure, solid
.ne) and potential temperature (in K, dashed line) analysis in lee of

mtinental Divide, 10 October 1968.

ae area sampled equalled 125 km?, the volume 375 km3. Due to the

>ssible change in intensity of the lee wave at various positions
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iorth and south along the Front Range, the data gathering was kept to
‘he smallest N-S cross-section possible that still allowed acquisition
of adequate data for a thorough analysis.

Examination of Figure 29 indicates several noteworthy features:
1) a waviness is exhibited in both the ozone partial pressure surfaces
ind the potential temperdture surfaces, (2) a much steeper gradient of
yoth parameters is seen in the lower volume (region one, 500-600 mb),
(3). lines of equal ozone partial pressure (isozones) have greater
spacing in the upper area (region two, 400-500 mb) than in region one.

A few ozone and temperature data points have been placed on the
figure at 2 km horizontal increments and random pressure intervals.
These data represent only a fraction of the data points obtained during
the 175 minute period. While data sampling in the atmosphere from air-
craft over a small area (125 kn?) for a period of 175 minutes would
usually be subject to transient effects, it is felt that this was not
the case in this study. During the entire six-hour flight period,
little, if any change was noticed in the physical characteristics of
visible wave clouds in the region. An undercast below the wave clouds
approximately 10-25 km east of the Front Range appeared to have
generally dissipated near the end of the study. The lee wave is quasi-
stationary with respect to a barrier and Figure 29 seems to exhibit
just this (even though the sampling period was long). While the general
waviness of the potential temperature and ozone surfaces don't repre-
sent streamlines, they are probably suggestive of the streamline flow.

There can be no doubt that a lee wave exists; to what extent it
caused the approximate 30 mb difference in tropopause height between
Brainard Lake and Denver can only be speculated upon. It is probable
that the upward displacement of the tropopause at Brainard Lake is
most likely the result of gravity waves. The height indicated for the
tropopause at Brainard Lake is taken from a single atmospheric sounding,
and the point at which the tropopause was penetrated in relation to the
positioning of the wave train could perhaps mean a difference of 30 mb.
This possible displacement of the tropopause is clearly seen in data
collected and analyzed in the 1968 Winter Rocky Mountain Lee Wave Study
(Figure 30). The wave amplitude near the tropopause in this figure is

at least 30 mb.
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A detailed wind field analysis on 10 October is not available
ince the aircraft was not equipped to measure horizontal wind. But
he structure of the wind field during this study could be suggested
rom the situation on 20 February 1968 (Figure 31). The analysis of
he isotachs from the several aircraft are presented here. The u-
omponent only is analyzed. Horizontal wind speeds decrease in the
ain wave trough region; this is the situation up to the tropopause.
'he analysis of the 20 February u—componeat points out an interesting
onvergence of the wind field west of the trough at the 200 mb level
md a divergence of the wind field to the lee of the trough. Just how
:lose this wind structure was to the present case under study on 10

lctober is difficult to determine.

Computation of wavelength, amplitude and vertical velocity. The
.ee wave condition being studied by balloon soundings and from aircraft
m 10 October was observed from satellites also by the presence of lee
rave clouds. A wave system usually exists when clouds are observed to
che lee of an obstacle in the airflow. As air is lifted to the wave
:rest, it is adiabatically cooled and moisture condenses. 1In this
ianner a wave cloud, or train of clouds, becomes visible. Clouds can
e visible in the ascending region and no clouds observed in the sub-
siding air. Thus, if the distance between cloud trains could be
neasured, a wavelength could be obtained.

The lee wave conditions under study by aircraft were observed by
three U.S. satellites. The NASA ATS III observed the lee wave region
(Figure 32) at 1527 GMT; ESSA VI observed the lee waving at 1805 GMT
(Figure 33); and ESSA VII photographed the situation at 1925 GMT
(Figure 34). The data presented in this study began with a time period
65 minutes after the first satellite photograph and ended 30 minutes
after the last photograph.

ATS III is positioned in an earth synchronous orbit at 22,300 mi.
over the mouth of the Amazon River and photographs of western North
America are therefore at the edge of the observed picture. This can
easily be seen in Figure 32. A wave phenomenon appears to be in evi-

dence in this photograph, but due to the inability to properly resolve
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the area because of the low satellite angle, computation of wavelengths
will not be attempted.

ESSA VI observed the area 158 minutes later and a wave is clearly
vigible.

ESSA VII, 80 minutes later, photographed the same area and a wave

train of four waves is now visible.
107°

103°wW

43°N

are

Figure 32. Photograph taken from NASA satellite ATS III, 1527 GMT,
0 October 1968.

Wavelength computation. From ESSA VI, a wavelength of 14.3 km was
neasured and from ESSA VII--13.3 km.

An examination of Figure 29 (the ozone cross-section) indicated in
the lower region (500-600 mb) a wavelength of 10.0 and in the upper
region a wavelength of 10.5 km. The shortest wavelength measured was
3.5 km. The potential temperature surfaces indicated a somewhat similar
vavelength.

As indicated earlier, The Explorer was continuously tracked by
radar to obtain exact positioning. Figure 35 depicts the percent of
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cime spent by The Explorer in a particular region during the investi-
zation. The blocks are 50 mb in the vertical and 1 km in the horizon-
tal. This figure was constructed to verify the wavelengths determined
irom the ozone and temperature data. The Explorer spent the majority
»>f the flight time in areas of ascending motion, therefore the largest
!igure in the "sum of columns" row would represent the area of maximum
jave lift. For example, in the row titled "sum of columns", the
largest figure listed is 16.46. This indicates that The Explorer spent
»16% of the three hour period in the region 22 to 23 km east of the
Jontinental Divide. The number in the extreme upper left portion of
che figure, 4.35, indicates that greater than 4Z of the investigation
:ime was spent in the region between 400 and 450 mb at 2 to 3 km east
»f the Divide.

By measuring the horizontal distance between the highest numbers
n the "sum of cﬁlumns“ row, one indirectly determines the wavelength.
wo wavelengths for the lee waves were determined in this manner. One
ravelength measured 8.0 km, the other 11.8 km. The average is 9.9 km.

From The Explorer, the average cloud wavelength was estimated to
e on the order of 10 km.

Foldvik [1962] has noted that theoretically the wavelength of the
iravity wave must be > 2w!£max. Using this criterion, the minimum
jossible wavelength in the region of investigation was computed using
‘he Emax from Figure 28. The resulting wavelength was 4.6 km.

Corby [1957] gives a relationship between wavelength and mean
:ropospheric wind. This relation is: A = H%%%?é , where )} = wavelength
n km, U = wind velocity in knots. From the Brainard Lake sounding the
lean wind was computed to be 20 ms™!. A check on this wind could be
sbtained by an analysis of the Niwot Ridge wind (Figure 36) during the
‘light period. This might be a better indication than the few minutes
f wind data obtained from the ozonesonde. Niwot Ridge is at an eleva-
:dion of 12,284 ft. It is 3.7 km NE of North Arapaho Peak (see Figure 8)
mnd ~5 km SW of Brainard Lake. During the flight, gusts were recorded
1s high as 35 ms™!, however the mean wind was quite a bit less. The
lean wind from 12 to 22 GMT indicated a slow decrease in intemsity.

lowever, during the investigation, from 17 to 20 GMI, an increased

37



* (uoTleIO0qET® 103J 3X93 9as) {geT I13q03dQ
0T ‘eaep iepex uo paseq ‘4Apnis Bulanp zszordxy oyy Jo JUBWBIIUT USAFS B UT UOTIEDOT
3o Aousnbaiy Buyjopdep SPTATQ TEIUSUTIUOC) BY3 Jo 3ses U0T1088-8501) *Gf 2In8Tg

S3LIO0T3IA TYILEIA 0 IONLNOVA — U501+ = A - o WA | e W T - —f Ll 3 1

e ane © 1T €6 S5 BLZ IT 29 L 21 O IT 29 29 OV LSS S ¥SSIOKZ BYZ GGI 991 $2) 901 9¥Z B ¥2) £6 SS1 981 991 BLZ 6LZ SOV vEw EO¥ OBS LT O

e S£ k£ 2 ot ® 92 4z 2 2 8 W v 3 g § 9 ¢ 3 9 o
€6 s

R T
€6 |
E1] T
S0y, I ourz o oK ; 3 "
S RN G| E T T s +-311408d AHJVHIO04OL ONNOHO TWHINIS —= “logs
&6 £ K 2 g IGAID
IVLNINILNDD
- S —— TP = 22 TR e ELLEEL L [Pt i -l00L
o0ze [ [ " [ K 29 6 erd g 4 .
96 sl 1% L+ IS | S T 4
ST [ R S o I Y | BTN i e e ey e A e e e - - it o _08
20 29 i vZ) 29 9@ L2 €6 €6 29 Z9 [ [ 14 (3 (- w29
- — — — e R — e S - i et et i e ——a - e e e ..Sm
BE 92 BF2 GLE L9 2vE E6 29 KK g 2y z8 ¥21 29 29 6% €6 £6 w21 £6 €6 I
CELE S T S e PO | X D), NS - R—— ? —l00G
#12 g ogz W T 29 ¥21 29 K W I 29 g6 YEI R WD LT a2 K e
e —_— _— ——— G
UL I 0FZ €09 K IE T e [ [ [ 29 61 29 ©6 W¥
Ly L] T R e e S s - = =T 3 = e = — e — - —
40 Wns| 00t
3

38

(8W) 3UNSS 38d



intensity was observed. The mean wind for the period was 20 ms™!,
compatible with that measured by the ozonesonde. The temperature from
Niwot Ridge served as an additional check on the ozonesonde and air-
craft temperature element.

Using a mean tropospheric wind speed of 20 ms™!, the calculated

wavelength, using Corby's criterion, was 8.7 km.

aol—

" 30

-2 * -2

2 ol b [ o
D i i | 1 Il R | | 1 L L L = i DANSEIONN TN I 1 - |

00 GMT 2 00 12

10 OCT. 11 OCT.

Figure 36. Niwot Ridge wind data 10 and 11 October, 1968. Heavy
ine represents mean hourly wind, long dashed line, the maximum wind,
ish-dot line, the minimum wind, and the dotted line, the temperature.

Another technique to calculate the wavelength would be an indirect
‘etermination by means of vertical velocities obtained from the ozone-
:onde mean ascension rate. Departures from the mean ascension rate of
he ozonesonde were determined and are indicated at the bottom of
'igure 35. The magnitude of the vertical velocities is plotted hori-
ontally, as the balloon trajectory carried the ozonesonde to the east.
egions of ascending and descending motions could thus be defined in
et another manner. Analysis of these areas indicated an average

istance of 9.2 km from one area of maximum ascending motion to another.
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Thus, the wavelength may be determined by seven different tech-
1iques. The average of all techniques, with exception of the satellite
lata, indicates a wavelength of 9.9 km. This compares to an average of
13.8 km for the satellite--a difference of only 3.9 km.

Seorer [1949, 1953, 1954], it should be noted, theorizes that the
7avelength is determined entirely by physical atmospheric parameters
ind not by the dimensions of the disturbing obstacle.

It is noteworthy to mention that an undercast below a wave cloud
:an prevent discerning of the wave cloud in a satellite photograph.

[n certain portions of the wave region this was true on 10 October.

[he wave clouds and undercast cloud are seen in Figure 37.

Figure 37. Photograph of lee waves and other cloud forms (taken
rom The Explorer at 6.1 km (20,000 feet) MSL). (See text for elabora-
ion)

Using Foltz's criteria for degree of clear air turbulence and
computing w as suggested [Foltz, 1967], light turbulence should have
been experienced on this date. During the six-hour period of flight

in the lee waves, this seemed to be a realistic estimate.
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Amplitude. One attempt was made to calculate the lee wave ampli-
tude. Measured amplitudes from the ozone surfaces in Figure 29 indica-
ted amplitudes from 0.5 to “1.1 km. The 1.1 km amplitude was estimated
because the wave crest had not been reached when the data terminated
in the eastern portion of the flight area. A similar amplitude was
indicated from the potential temperature surfaces.

Visually (determined from wave clouds viewed from The Explorer),

the amplitude ranged from approximately 1/2 to 1 km.

Vertieal veloeities. Vertical velocities were determined by
several methods. The horizontal wind from 400-600 mb (calculated from
Brainard Lake sounding) was used in conjunction with the shape of the
ozone partial pressure surfaces (Figure 29) to determine vertical
velocity. This was calculated to be “1-2 ms™l.

As mentioned earlier, vertical velocities could be obtained from
the ozonesonde flight characteristies (Figure 3 ). Calculated in this

manner were maximum positive (upward) vertical velocities of 1.3 ms™!

and maximum negative (downward) vertical velocities of 1.1 ms~1.

In addition to the two above-mentioned techniques of determining
vertical velocities in the lee wave, The Explorer was equipped with
two rate of climb indicators. At 26-30,000 feet (7.9-9.1 km = 300-360
mb), upward velocities were 0.5-1.0 ms™!. At 18-26,000 feet (5.5-7.9 km
or 360-500 mb), the average positive lift was “1.5-2.5 ms™!. As low as
11,500 feet (3.5 km or 660 mb), lift moved The Explorer upward at 5.2
ms~!. The maximum vertical velocities measured by The Explorer occurred
at three separate times and each lasted 1-3 minutes. The maximum ver-
tical velocities were encountered at 15-18,000 feet (4.6-5.5 km or
500-570 mb) and were >10 ms™!.

It is logical that an instantaneous vertical velocity as measured
by a sailplane will be considerably greater than vertical velocities
averaged over a period of time and over several waves. Indeed, the
average vertical velocity as determined by ozone and potential tempera-
ture surfaces and by ozonesonde ascent rates averaged 1.4 ms™ . A
subjective analysis of the average lift of The Explorer places the lift
for the 400-600 mb layer at 1-2 ms™'. The three techniques agree
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remarkably well in indicating a vertical lift in the average lee wave
during the study as ~1.5 ms™!. A summary of wave amplitude, wavelength

and vertical velocities is given in Table 2.

Table 2. Magnitude of wavelength, amplitude and vertieal
velocity as determined by methods below (see text for

elaboration).

Method of Wavelength Amplitude Vertical Velocity
Determination (km) (km) (ms™1)

1. Satellite

ESSA VI 14.3
ESSA VII 13.3
2. Ozone Data 8.5 - 10.5 0.5-1.1 "1 -2

3. Potential -

Temperature
Data 8.5 - 10.5 0.5 = 1.1
4. Radar Data 8.0 - 11.8

5. Theoretical
Computation 8.7

6. Ozonesonde
Wind Data 9.2 1.1 - 1.3

7. Subjective
Determination
from Explorer 10 0.5 - 1.0 0.5 = >10
Average = 1 - 2

Foldvik [1962] has shown that the height at which the vertical
velocity is a maximum is not a function of the height or shape of the
mountain profile, however on the several flights in lee waves during

the fall of 1968 in the same general area as this study, maximum
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vertical lift was usually obtained at 4.5-6.0 km.

[V. Mountain-Induced Lee Waves and the 1.5 Million Dollar Destruction
in Boulder, Colorado, 7 January 1969

The home exhibited in Figure 38 is but a small sample of the

lestruction brought about by extremely high winds that struck the
joulder community at 3 p.m. (22 GMT) on 7 January 1969. The scene in

Figure 38. Photograph of destroyed home immediately after high
ad conditions in Boulder (see text for elaboration).

.gure 38 was repeated dozens of times in more or less severity through-
it west Boulder and particularly so in the Table Mesa area near the
itional Center for Atmospheric Research building. The tremendous

rce necessary to lift an entire roof from a house and deposit it many

et away certainly deserves investigation.

Synoptie pattern. Aloft at 500 mb, an intense cyclone moved into

rthwestern Canada on 27 December. By 29 December it was the dominant
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‘eature in the upper air pattern over all of North America. The
:yclone progressed eastward, and by 2 January it was just north of
lova Scotia. At this point, little movement was indicated over the
1iext twelve-hour period. However by 3 January, it was obvious that it
vas indeed retrograding. By 7 January, retrogression had brought the
:rough westward to longitude 85 W. At this point, a deep trough was
:mbedded in the flow extending from northern Canada into the Gulf of
fexico (see Figures 39, 40, 41). The high~level retrogression of this
:yclone has been discussed at length because it is, in effect, the
leature that set up a blocking situatiomn, such that for nearly two
7eeks prior to 7 January the surface systems over the United States
ind particularly over Colorade were stagnant. A surface frontal system
:hat had entered Colorado on 23 December had meandered slowly back and
‘orth across the state. A trough at the surface remained in evidence
o the lee of the Rockies. This was the synoptic situation for two
7eeks prior to 7 January and again the situation as seen in Figure 42

m 7 January. - -

(|} o
L 11o° jose  100°

Figure 39. 500 mb isotach analysis, 12 GMT, 7 January 1969.
[sotach (ms™!) - solid line, temperature (°C) - dashed line, contours
teters; first digit omitted for 500 and 300 mb, first two digits for
J0 mb) - dotted line.) (Shaded areas > 45 ms™!)
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fi5e 1oe 105° 100°

Figure 40. Same as Fig. 39 except 300 mb isotach analysis. (Light
haded area > 55 ms~!, heavy shaded area > 75 ms~!.)

"'359

HED _ 95°
C 1oe 105° no°

Figure 41. Same as Fig. 39, except 200 mb isotach analysis. (Light
aded area > 55 ms~!, heavy shaded area > 75 ms™!.)
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On this day, a deepening trough is evident along the lee of the
Rockies. The front associated with the trough was located just a few
¢ilometers east of Denver in Figure 42. (This will easily be seen from

svidence presented later.)
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Figure 42. Surface synoptic chart for 12 GMT, 7 January 1969 (from
554) .

The pressure gradient at the surface was steepened further by an
anticyclone over western Colorado. At 500 mb (Figure 39), the surface
anticyclones (Figure 42) in California and western Colorado were re-
flected weakly in the temperature field. Most dominant at 500 mb is
the bottom of the high-level jet entering the United States in the
Pacific Northwest and penetrating as far as central Wyoming with 50 ms~!
winds. At 300 and 200 mb (Figures 40 and 41), the jet stream is
noticeably reflected in the isotach analysis. Flow at 300 and 200 mb
(9 and 12 km respectively) is northwesterly from the Great Basin to the
Mississippi. A 75 ms~! jet stream maximum is centered over Washington
and northern Idaho at both levels.
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On 8 January the upper level situation changed drastically. The
trough, that had been moving slowly westward for about a week and that
had been located at 80°N on 7 January at 12 GMT, moved rapidly east-—
ward, and on 8 January at 12 GMT was at 65°W. The direct result was
that systems at the surface were allowed to move rapidly southeastward.
Aloft, the jet stream had moved some 600 km southeastward by 12 GMT on
8 January. The jet core was centered over northern Colorado and
southern Wyoming as indicated at 300 and 200 mb (Figures 43 and 44).
The leading edge of the jet over eastern Colorado and Nebraska exhibits
a slight "fingery" structure (not shown in the analysis) at both the
300 and 200 mb level similar to splitting noted by Reiter [1963b].

The leading edge of the jet at 300 mb (7,000 meters over Colorado), with

winds of 75 ms™!, is located over the Boulder area.

1ge 105°

Figure 43. Same as Fig. 39, except 300 mb isotach analysis, 12 GMT,
J?nuary 1969. (Light shaded area > 55 ms™!, heavy shaded area > 75
870

At 500 mb (Figure 45), a broad area of 45 ms™! winds is indicated

»y the isotach analysis. Quite noticeable is a very strong trough in
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the isotherm field along the eastern slopes of the Rocky Mountains.
At the surface, the trough to the lee of the Rockies had inten-
sified by 20 mb in 24 hours. By 12 GMT on 8 January, Figure 46 indi-

cates the frontal system had just moved through the Boulder area.

Ho? noe 105° [l+]og

Figure 44. Same as Fig. 39, except 200 mb isotach analysis, 12 GMT,
i J?nuary 1969. (Light shaded area > 55 ms™!, heavy shaded area > 75
1874)

Discussion of the Denver and Grand Junction soundings in relation
to possible atmospherie conditions over Boulder on 7 and 8 January.
Figures 47-52, for 7 and 8 January, depict resultant winds, potential
temperatures, and the Scorer parameter with the reservations that
% %%% is to be neglected. The 7 January, 00 GMT (Figure 47), 22 indi-
cates the best possible formation region for lee waves at Denver to be
near the 250 mb level. At this time, it should be noted that neither
were gusty winds recorded in Boulder nor were lee waves visible in the
form of wave clouds. The simultaneous sounding for Grand Junction
(Figure 48) indicated a quite similar 22 profile in the vertical.

Twenty-four hours prior to the high winds in Boulder both stations

48



Figure 45.
8 January 1969.
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report sufficient conditions favorable for lee wave formation, but no
visible wave was observed. It should be noted that an inadequate
resolution of the current upper air network makes the study of meso-

scale phenomena difficult, but not impossible.
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Figure 47. Same as Fig. 19, except for Denver, 00 GMT, 7 January
169.

Twelve hours later (7 January, 12 GMT) the Denver 12 (Figure 49)
ndicated slightly more favorable lee wave formation conditions at 620
b, 410 mb, 320 mb, and again around 250 mb. At this time no lee

aving was noticed in cloud formations and surface winds at Boulder

nd Denver averaged less than 3 ms~l. A very thin stable layer (200

eters thick) of air is seen immediately off the surface at Denver
Figure 49). From the height of this layer (810 mb) to the tropopause,

ae lapse rate is near adiabatic. A low level jet of 31 ms™! is noted

ome 1700 meters off the surface.
Ten hours after the just discussed sounding, the wind increased

aarply at Boulder (22 GMT, 7 January). At 00 GMT, 8 January, a

50



10 20 30 40 50 ms™!

310 . 330 350 370 390 °K
100 -3 pr
‘\\‘\"\. -~
~d. 5 =
-~ -
=3 L
o
""""" >
l{ //
_ 200 , -
2 b / |
= / k\
g 300 i N
n i
ﬂ 3 /" . ///
@ # e
& 400k . ;
;" ,/
m ‘} ,/
P
o0 5 P /’
- '
700 " e ;
S
800 s 1
900 =
0 1 2 3 4 5 6x10%m™?

Figure 48. Same as Fig. 19, except for Grand Junction, 00 GMT, 7

anuary 1969.
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Figure 49. Same as Fig. 19, except for Denver, 12 GMT, 7 January
969.
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sounding was taken at Denver (Figure 50) and it revealed several
interesting structures in the vertical: The Scorer parameter indicated
the most favorable lee wave conditions in the past 72 hours. The
Scorer parameter criterion was best satisfied at 560 mb. Although a
thin stable layer exists for 100 meters off the surface (the winds were
only 5 ms”™! at the surface), a deep layer of adiabatically mixed air
exists up to the 630 mb level. The wind maximum of 31 ms™! at 630 mb
twelve hours previous, increased to 42 ms™!, and moved up to the 500 mb
level. The simultaneous Grand Junction sounding (Figure 51) indicates~

most favorable lee wave formations above 500 mb.
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Figure 50, Same as Fig. 19, except for Denver, 00 GMT, 8 January
969.

At 12 GMT on 8 January (six hours after the highest winds in
Boulder had been recorded), the Denver temperature profile (Figure 52)
indicated a deep adiabatic layer of dry air in the lower troposphere
(surface to 540 mb). This is quite characteristic of a chinook current

lescending along the eastern slope of the Rocky Mountains [Reiter and
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fahlman, 1965]. Winds at this time averaged 16 ms™! at the surface
ind were gusty at Denver. Before limiting angles forced the termina-

:ion of wind calculations, a velocity of 64 ms™! was recorded at 380 mb.
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Figure 51. Same as Fig. 19, except for Grand Junction, 00 GMT, 8
anuary 1969.

Figures 53 and 54 present a vorticity and stability display simul-
;aneously. Figure 53 indicates little vorticity gradient over Colorado
»n 7 January. Figure 54, however, reveals that by 8 January at 12 GMT
che region was under the influence of a vorticity maximum. In addition,
it should be noted that the Showalter stability index indicated an
iverage for Colorado of +10 on 7 January at 12 GMT, by 12 GMT on 8
January the average was +4.5, and only +2 at Denver. This was the
Least stable area in the United States with exception of western

{ontana.

Chinook conditions in the lee of the Front Range. The eastern

slopes of the Front Range, particularly near Boulder, were under the
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Figure 52. Same as Fig. 19, except for Denver, 12 GMT, 8 January
.969.

Figure 53. Vorticity (1075s71) and stability (from Showalter sta-
ility index) analysis for 12 GMT, 7 January 1969.
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influence of a chinook from approximately 18 GMT on 7 January to 12

GMT the next day. This is seen in Figures 50 and 52. This chinook
effect is easily seen along the eastern slope when Figure 55 is analyzed.
This figure indicates a temperature gradient field such that each line
represents a five degree temperature (°F) departure from the base tem-
perature [21°C (69°F)] at stations along the eastern slope at 21 GMT

(15 MDT).

5‘ ‘g%"ém
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Figure 54. Same as Fig. 53, except for 12 GMT, 8 January 1969.

From an examination of Figure 55, realizing that all statioms
ithin the 0° isotherm were reporting gusty winds and large dew point
>reads, it appears likely that descending air motions on a large scale
:re occurring along the eastern slopes of the Rocky Mountains in a
:rong chinook current. Even a casual examination of Figure 55 indi-
ites very large temperature differences east of the region immediately
» the lee of the Rockies. A temperature difference of 60°F (33°C) is

ten from the main chinook area to a region 800 km to the ENE. From



the chinook area to a point 105 km to the east a temperature difference
of 30°F (17°C) is observed. This gradient points effectively to a
remarkably sharp contrast between a pool of cold air advected from
Canada at the surface over the eastern Plains and a warm region result-

ing from a strong subsiding current to the lee of the Rockies.

Figure 55. Temperature gradient field for Rocky Mountain and surround-
ng states for 21 GMT, 7 January 1969. (Base isotherm (°F) encircles
oulder to the north and Trinidad to the south.) (Figures represent
epartures from temperature within 0 line at 21 GMT.)

Figure 55 shows that the strongest dynamic heating by subsidence
is from Boulder southward to Trinidad, Colorado, with a lesser effect
over a larger area from Fort Collins into northeastern New Mexico.
From Boulder westward to the Continental Divide a strong gradient
seemed to exist. The data to provide this analysis were obtained from
a permanent station atop the Continental Divide at 3,808 meters
(12,493 feet) and from a station less than 5 km to its west at 3,449
meters (11,316 feet). The station atop the Continental Divide is at
Colorado Mines Peak (46 km southwest of Boulder). The lower station

is located at Berthoud Pass. Figure 56 gives a view of the area taken

56



Figure 56. Photograph of Continental Divide and surrounding
eatures from The Explorer at 7.6 km (25,000 feet) MSL. (Denoted in
igure: Colorado Mines Peak (M); Berthoud Pass (B); also note ski area,
ower right.)

rom The Explorer at 7.6 km (25,000 feet) MSL. Mines Peak (denoted M in
igure 56) is a very exposed area. It is here and at Niwot Ridge (dis-
issed earlier) that the highest surface winds in Colorado are usually
scorded. The Berthoud Pass station (denoted B in Figure 56) is more
ieltered than Mines Peak. The data obtained from these two stations
ce presented in Figure 57. Only a wind recording system is available
: the peak, however a temperature and barograph unit, in addition to a
ind system, are located in the pass station.

According to Figure 57, the temperature at 21 GMT was +1.9°C and at
! GMT, +2.8°C. These temperatures were the highest recorded in recent
:eks at the pass and the 2.8°C temperature was only 1.6°C less than the
.ghest ever recorded in January based on sixteen years of records at
e 3,449 meter station. So, even with almost record maximum tempera-
ires on the Continental Divide, a 20°C (35°F) temperature gradient
iisted between Boulder and mountain top level. This gradient was main-
iined mainly because many stations to the lee of the Front Range were

:cording the highest January temperature in years—-in fact, many
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stations set record maxima for the date.

Gusty winds were highest near the base of the Front Range and dew
point spreads as mentioned earlier were quite large. Most dew point
spreads within the 0°F gradient field to the immediate lee of the moun-
tains (Figure 55) were greater than 25°C (45°F).
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Figure 57. Plot of wind, temperature, and pressure at Mines Peak
(3808 meters) and Berthoud Pass (3449 meters) 7 and 8 January 1969.

Boulder and Mines Peak data. Figure 58 presents various data at
Boulder near the time of the high wind event. The Boulder data are
obtained from a location atop the NCAR building situated on Table Mesa
in SW Boulder at a height of approximately 1.89 km. Even a casual
examination of Figure 58 results in several striking features: Wind
gusts > 56 ms~! were recorded for a two-hour period. During the entire
period of very gusty winds, the minimum velocity always returned to
nearly 0 ms™!. There was only a period of cne hour during which sus-
tained winds were able to maintain a speed greater than 20 ms™1,

A more detailed examination of the Boulder data reveals the following.
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At 21 GMT at the Table Mesa site, the average wind velocity (mean hourly
resultant, u + v-components) was less than 3 ms™! with gusts of only

11 ms™!. 1In the next hour, while the average velocity was only 7 ms™!,
gusts of 34 ms™! were occurring. By 00 GMT, 8 January, the peak gusts
obtained a magnitude greater than the NCAR recording system could depict
(>56 ms~! or 125 mph). By 0130 GMT the average resultant and u-component
wind was 25 ms~! with gusts >56 ms~l. From 01-04 GMT, there were 41
occasions on which the resultant wind gusts were 45 ms™! and 19 occasions
with >50 ms™!.

High winds were in evidence elsewhere during this period, particu-
larly so at Mines Peak (Figure 57). The average wind (mean hourly
u-component) at Mines Peak and Berthoud Pass reached maxima at 01 and
09 GMI. The u-component was determined because it gives a better esti-
mate of velocities in the lee wave. This component during most of the
period was quite close to the resultant wind (the flow at the top of the
Continental Divide varied from 260°-280°). The u-component 0.5 km below
the peak at Berthoud Pass averaged -8 ms™! less. The highest gusts at
the Divide were >56 ms™! (Figure 57).

The first wind maximum at Mines Peak appeared to coincide within
one hour of the Boulder maximum and, interestingly, the average velocity
at both sites was the same. The high wind at the Divide seems, to a
certain extent, to be reflected at the Boulder level as strong chinook,
transferred from the 4 km level in lee waves.

Concentrating our attention on Boulder during the hours that wind
justs exceeded hurricane force (32.6 ms 1), we find this period to last
rom 2330 GMT on 7 January to 0615, 8 January. Of the many gusts during
‘he seven-hour period, almost all were immediately followed by a wind
f little or no velocity. (The response time of a wind magnitude
ieasuring system is not instantaneous; there is a lag on the order of a
ew seconds.) A typical example of the rapid variation in magnitude
ould indicate a practically calm condition followed approximately one
inute later by a velocity of 50-55 ms~!. This condition might repeat
tself five times in 10 minutes. The tremendous force exerted in more
han an order of magnitude change over an interval of only one minute

as one cause of the destruction in Boulder. The other was the
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zopography of the area. The most severe damage was in SW Boulder in
che Table Mesa area. (Insurance companies place the loss at over 1.5
11llion dollars. Two persons were killed in the Boulder area as a
lirect result of the wind, and many were injured by the thousands of
rindows shattered.) A certain amount of channeling is effected by the
anyons immediately to the west of Boulder. It appears that the strong
ownslope winds throughout the lee of the Front Range together with the
trong channeling effect of canyons resulted in preferred regions of
xtremely gusty winds--probably in certain areas exceeding 65 ms™l.
ther areas in the immediate lee of the Front Range did report severe
amage and estimates of winds of 150 mph (67 ms™1), but in all cases the
sgions were only thinly populated and the total damage kept low com-
ared to that of Boulder.

The gusty downslope winds decreased 50% by 06 GMT at Boulder.
:rong winds from 8-16 GMT appeared to be more pre; and post-frontal
1an downslope. The frontal passage was rather dramatic at both the
mes Peak location and at Boulder.. Trough passage appeared evident
: Mines Peak (Figure 57) at 0% GMT. At this point, the lowest pressure
.s obtained (979 mb), mean wind and gusts decreased, and the tempera-
re gradually began to fall. This appeared to be the approximate

ssage time at Boulder also. The dry, warm downslope condition appeared

mpletely ended at 15 GMT when the temperature dropped 7°C in about
1/2 minutes.

The Transport of Stratospheric Air to the Surface by Orographical
Effects

Combined mechanisms. TFigure 59 is a mesoscale depiction of the
ctical structure of potential temperature surfaces at Denver. A
cusal of the time section indicates subsiding motion at all lewels
.ow 175 mb beginning after 12 GMT on 7 January. The 333 K surf ace
licates isentropic motion from the 195 mb level at 12 GMT to the 305
level twelve hours later. By adoption of the proposed model for
mmsport across the tropopause, as mentioned earlier, involving marrow
inae of stable, stratified air interjected into the troposphere from

stratosphere by wave action at the boundary, it is quite possdible
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that air with stratospheric characteristics could be found some 25-50 mb
>elow the tropopause without evidence of the transport being reflected
In a potential temperature field on a synoptic scale. It is also
ossible for quantities of stratospheric air to be associated with
.ayers immediately below the tropcpause, placed there by simple down-
‘ard mixing in turbulent eddies in the high wind shear layers. Whether
he stratospheric air arrived at the 195 mb level (some 35 mb below the
ropopause) by laminar flow or eddies, or a combination of both, at
referred times, once the air parcel is at this level, continued down-

ard transport is available to the 300 mb surface. Once at this level,

ownward transport of momentum is available to the surface by gravity
aves. [From a theoretical consideration, lee wave formation was likely
t this time (see Figure 60 which depicts a time section of the varia-
ion with height of the Scorer parameter; note the downward slope of the
radient of the 22 value with increasing time) and indeed, wave clouds
:re visible during this period.] Once the air was in the wave trans-
ixt to the surface was inevitable in the powerful chincok current
:scending the lee slopes.

Single mechanism. Another possible method by which stratospheric
r could be transported to the surface, and in a shorter period than

the method just described, could be the following: As shown earlier

the October 1968 study, lee waving can drastically alter the height
the tropopause in the immediate lee of the mountains, and up to

veral hundred kilometers to the lee in some cases. In the near lee

the Front Range within the first 1-3 waves, the height of the tropo-
1se would be changed most drastically. The October case indicates
it this change may be as much as 1.5-2.0 km; the February 20 case

‘gure 30) also indicates this to be 1-2 km. The obvious problem is

it two stations 330 km apart (Grand Junction and Denver) are most
:ful for synoptic scale analysis and less so for measurement of meso-

Jde fluctuations. It is quite possible that both of these stations

1d fail to notice a disturbance in the Front Range, particularly if

disturbance was weak. (Radiosonde data smoothed by the coding

cess also permit small scale features to escape detailed analysis
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Figure 60. Mesoscale vertical time section of the Scorer parameter
from 00 GMT, 7 January to 12 GMT, 8 January 1969.

[Danielsen, 1959]). Large changes in the tropopause height over short
horizontal distances would go largely unnoticed upon inspection of the
Denver sounding. (Although lee wave formation was indicated likely from
theoretical treatment of the Denver sounding, no method was available to
ascertain the degree of tropopause undulation.) Basically this mecha-
nism suggests that lee waves, observed in occasional thin wave cloud
form during the period of high surface winds, brought about large undu-
lations in the tropopause. High winds at the top of the Front Range
barrier would indicate longer wavelengths and in turn greater amplitude
[Poldvik, 1962]. The high winds could also produce a breakdown of the
basic wave flow into a more turbulent and chaotic flow pattern. Thus
stratospheric air could be transported downward to the 300-350 mb level
before 00 GMT, 8 January, while wind at mountain top level and in
Boulder was less than 25 ms™!. After this period, transport rapidly

and directly to the surface in the lee of the Divide could be effected
by eddy mixing in conjunction with the overall strong downslope chinook

current along the lee slope.
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OZONE DENSITY

00 06 12 18 Lelo] 06
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Figure 61. Plot of ozone density at the surface at Boulder, 00 GMT,

January to 04 GMT, 8 January. (Dobson Spectrophotometer at 20 GMT =
82 m atm-cm.)

Figure 61 shows that air of recent stratospheric origin arrived at
1e surface along the eastern slope of the Continental Divide. Figure
L depicts the fluctuation of ozone density with time. Since the sur-
ice serves effectively as a sink to ozone, as described earlier, the
west ozone densities near the surface would be expected to occur
iring the night hours when convective activity is least and surface
nds are weakest. This appears to be the circumatance early on 7
nuary. Evident is the maintenance of low ozone densities at night
rom 00-11 GMT). At 11 GMT (05 MST) on 7 January, the ozone density
creases rapidly and rises some 350% by 18 GMT. During this same
riod the wind began to gust at 7-13 ms™!. The ozone sensor shelter
s blown over at 04 GMT on 8 January and measurements were terminated

that point. But before this occurred, it should be noted that ozone
lues were very high for that time of the day. In fact, densities
re two to three times greater than 24 hours earlier. Some of this

:rease could be due to mixing at the surface. But it is felt that the
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majority of the increase is indicative of stratospheric ozone reaching

the surface as a result of one of the mechanisms discussed earlier.

VI. Summary

Structure of the lee wave. (case study 10 Oetober 1968). During
the fall of 1968 a highly instrumented sailplane with ozZone and tempera-
ture sensors was used to determine lee wave structure east of the Con-
tinentgl Divide in Colorado. One such case study is presented here.

A new type of ozone sensor, lightweight and potentially capable of
measuring ozone on an absolute scale, was used on the aircraft. Unique
sensor flow rate fluctuations under various aircraft maneuvers were
conducted. It was found that variations were negligible.

This study for the first time obtained a rendezvous of an ozone
sensor in an aircraft with an ozonesonde released from the surface. In
addition, this was simultaneous with a photograph taken by ESSA VI.
Additional satellite data, one to two hours prior to and after ozone-
sonde release, and during the aircraft sampling period, are analyzed.

A lee wave pattern is constructed based on a wave flow suggested
by ozone partial pressure (and potential temperature) surfaces. This
pattern verified the computed Scorer parameter which indicated atmos-
pheric conditions suitable for the formation of lee waves. Ozone values
were more useful in obtaining the lee wave structure than potential
temperatures under adiabatic lapse rate conditioms.

Five zones of different atmospheric processes in the ozonosphere
are delineated from the vertical ozone structure.

From satellites, aircraft, sensors, ground-based radar, and an
ozonesonde, seven independent techniques were used to determine lee wave
amplitude, wavelength and vertical motion. The average wavelength from
all methods, excluding the satellite information, was 9.9 km; ESSA VI
and VII indicated an average wavelength of 13.8 km. Amplitudes varied
from 0.5-1.0 km. From all available methods the average vertical veloc-
ity was computed to be 1.5 ms™!. Extreme magnitudes greater than 10
=i

ms were recorded.

Surface destruction and orographically-induced transport processes

(case study of 7 January 1968). Scorer parameters computed for 7 and 8
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January indicated that the probability of lee waves during the period
was quite good, particularly near the end of the observation period.

It was quite evident by temperature and dew point analysis in the lee

of the Colorado Rockies that chinook conditions were occurring. Analysis
of wind data from the top of the Contimental Divide, 46 km west of
Boulder, and from Boulder, indicated near simultaneous occurrences of
peak winds,

The high winds in Boulder produced quite extensive destruction
because of two faéfors: (1) the wind was highly variable in magnitude--
an almost calm wind would be followed a few seconds later by a gust, at
times greater than 56 ms~!; (2) a channeling effect by the canyons to
the west of Boulder substantially increased the wind in certain areas.

An explanation of the high surface wind was suggested in two
proposed mechanisms. Both mechanisms provide for a rapid transport of
stratospheric air to the surface. The first mechanism involved several
»rocesses in transport to the surface. Air was suggested to have been
:ransported from the lower stratosphere (west of the Continental Divide)
:o the upper troposphere either by (1) a process allowing intrusion of
‘hin stable laminae, or (2) erosion at the tropopause (both processes
1) and (2) could have occurred, each at preferred times). Once at a
evel a short distance below the tropopause large scale subsidence,
bserved by analysis on 7 January, would provide for tranmsport to lower
evels. At this point transport could be provided to the surface by
arge scale descending air motions in the lee of the Continental Divide
rought about by lee wave-intensified chinook flow. The second mechanism
uggested was that lee wave amplitudes were large enough to transport
tratospheric air several kilometers downward, and from this point to
1e surface by large scale turbulent effects in the chinook flow.

It is certain that air of recent stratospheric origin arrived at
1e surface along the lee of the Front Range. This is reflected in

irface ozone concentrations at Boulder during the observation period.

I. Suggestions for Future Research

Theoretical models have been derived that indicate possible flow

der various atmospheric thermal and wind situations. However, detailed
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itudy into the lee wave phenomena using highly equipped aircraft with
itmospheric tracing capabilities is rare. More basic research into the
‘ormation and structure of the lee wave is needed using techniques
lescribed in this paper. Additional basic research into lee wave
shenomena could show the coupling between such waves and high surface
vinds and chinook conditions in the lower troposphere and clear air
curbulence in the upper troposphere and in stratospheric regioms. Im

chese higher regions turbulence could have severe consequences upon

future SST flights.
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Appendix

Photographs of orographically formed cloud formations to the
immediate lee of the Colorado Rockies.
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Figure Al. Wave cloud
formation taken from
The Explorer (10 Oct.
1968) at 6.1 km
(20,000 feet).

Figure A2. Rotor cloud
near Longs Peak, 10 Oct.
1968. (Motion in the
rotor is clockwise in
this picture - a good
theoretical discussion
relative rotors is

given by Kuettner

[1959] and Seorer
[1967].



Figure A3. Multi-layer lenticular cloud near Longs Peak, fall
968 (as the wind blows through, the cloud remains quasi-stationary) .

Figure A4. Multi-layer lenticular cloud near Hagues Peak, fall
1968 (see Figure 8 of text). (See comment, Figure A3) (Photographed
with 400mm lens.)
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Figure A7a. Billow cloud formations near Continental Divide,
‘anuary 1969. (A good theoretical discussion of the billow cloud is
dven by Scorer [1967].) (Note: 55mm lens used for this photograph)

Figure A7b. As Figure A7a except 200mm lens.

o

Figure A7a except 400mm lens.

Figure A7c.
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Figure A8a. Wave cloud formation to the lee of -the €ontinental
Divide, near Longs Peak, January 1969. (Note the extremely vivid lens
shape detail (50mm lens))

Figure A8b. As Figure A8a except 400mm lens.
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