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MOUNTAIN WAVES WITH 
NIIJTRAL THERMODYNAMiC STABILITY 

Forty thousand feet high without a rnotor This 

thrilling experience occasionally rewards the sailplane 

pilot who finds himself riding the updrafts created by 

mountain waves. The ground observer will probably be 

oblivious to their presence unless he is keen enough to 

identify the bar clouds which sometimes cap their crests. 

And if it is very cloudy or raining, only suitable instru- 

ments will detect them. 

On 3 January 1956, the APS-2 radar equipment located 

at the Physics Building recorded the set of three double 

echoes from the Marys Peak vicinity during a period of 

moderately heavy rainfall shown in Plate 1. A large cell 

centered over Corvallis was under surveillance at various 

antenna tilt elevation angles of O to 20 degrees as shown 

in Plate 2. Double echoes which appeared at tilt angles 

of 10 to 15 degrees prevailed during the period from 1920P 

to 2010P, diminishing greatly by 2020P as the cell moved 

to the east. 

Conditions conducive to the formation of mountain 

waves in a thermodynamically neutral atmosphere existed 

and were shown to be a likely cause of the echo formations, 
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each in the lee of a prominent peak (30). 

Mountain waves, also called "lee waves", are fre- 

quently evidenced by the caps of clouds forming at their 

crests in sufficiently moist air. Even in clear air air- 

craft are affected by the vertical components of the stand- 

ing wave patterns. Under general precipitation conditions, 

visual observations and the extreme hazard of flight with 

zero visibility near mountains preclude direct observation 

of lee waves. When the thermodynamic stability is neutral 

in clouds, theory predicts that wave occurrence will re- 

quire suitable wind shear characteristics in the air 

stream (34). 

The 1956 observations opened considerations for 

further study. Is it possible for lee waves to occur in 

a neutral atmosphere? If they take place under precipi- 

tating conditions, is the usual precipItation process 

affected by their presence? What is their effect on pre- 

cipitation patterns at the ground? Is present theory 

adequate to describe the observed facts? 

Plans developed around the use of radar in the lee of 

the peak to reveal the wave effects on the growth and 

production of precipitation. A series of rain gages ex- 

tending leeward along a line from the summit would supple- 

ment and confirm the radar data. 



Equipment construction was authorized in the fall of 

1956, and construction began in December of that year. 

The rain gages were installed in September, 1957, and 

final details of preparation made that fall. Data taking 

bogan on 6 December with the onset of regular rain which 

was much later than usual. 



EQUI PMENT 

In December of 1956, the Physics 

ated construction of a mobile weather 

around an AN/APS -4 aircraft radar. 4 

de houses the unit with its own 110V 

plant, Plate 3. 

The characteristics of the radar 

5 

Department miti- 

radar unit designed 

trailer type velu- 

400 cycle power 

are as follows: 

wavelength, 3.2 cm; peak power output, 35 kw; antenna dia- 

meter, 14 in; beam width, 6; scope presentation, Type 13, 

a rectangular sweep with azimuth along the abscissa and 

range along the ordinate. 

The universal mount permits scanning any 150 verti- 

cal sector down to either horizon as visible in Plate 4. 

In addition, the set may be aimed to cover any 150° hori- 

zontal sector. 

An equipment console located in the priiue mover 

houses the operating controls, the camera equipment, and 

rainfall recording equipment as shown in Plate 5. 

The radar data is recorded by an 8mm camera which 

automatically exposes one frame for one complete sweep of 

the antenna. An antenna-operated switch trips the camera 

at two-second intervals so that a normal projection speed 

of 16 frames per second gives a 32-fold increase in echo 

speed. A step gain control permits selection of one of 
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PLATE 5 



four gain settings, each with its own indicator light in 

the camera field. 

Eight Leupold and Stevens tipping bucket rain gages 

comprise the other main data system. These extend along 

azimuth 58° from the summit of Marys Peak at intervals of 

about mile, Plates 6 and 7. A network of wire connects 

the gages to an Esterline-Angus operations recorder which 
yields a convenient record. 

Two-way radio equipment operating on the amateur 6 
meter band provided communication with the personnel at 

the Physics Buìlding. 
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DATA 

The winter of 1957-58 was unusually mild in the 

Pacific Northwest (40). Data taking did not begin until 

December. 

Data were obtained at the Marys Peak siteduring 

eleven storm periods. Additional data on upper bands were 

taken at Corvallis during one storm. Plate 8 shows the 

dates and the wind spectrum for the storms, The radar 

data are recorded on more than 500 ft of 8mm film compris- 

Ing 40,000 scope photographs. Most of the data are in col- 

or since 8mm black and white film was not available. 

The radar scans vertically along azimuth 58° and 

records the precipitation structure in a plane over the 

rain gage network. This direction approximates closely 

the usual wind directions above the gradient level shown 

by the Salem rawin ascents 35 miles to the northeast, 

Marys Peak is at the right hand side of all radar photo- 

graphs. 

The rain gages yield data on the rainfall rate over 

increments of 0.01 inches as a function of time and dis- 

tance from the peak. The two summit gages were not f unc- 

tioning after the middle of December and throughout Jan- 

uary due to snow and broken field lines. The access road 

was not completed until early winter which delayed 
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installation of gage number eight until 8 February 1958. 

We obtained teletype upper air reports from the 
Salem Weather Bureau covering all periods of radar obser- 

ration. 
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MOUNTAIN WAVE THEORY 

Significant theoretical work on mountain waves is 

largely a product of the last two decades. The works of 

Lyra and Queney considered large scale phenomena which are 

not applicable to flow over a single mountain (5, p.502- 

503). R.S. Scorer presented the first treatment of small 

scale phenomena considering variations in lapse rate and 

wind shear in the vertical and yielding small wavelengths 

(34), His results are applicable with certain qualifica 

t ions to the present case. 

Scorer uses the perturbation method (34, p.43) In 

developing the theory he assumes that the flow is laminar, 
inviscid, isentropic, and steady. He begins with the 

hydrodynamic equations of motion (34, p.43): 

(#& (Vv)4 wX(u+ V#) w) = 

j 
(1) 

cJ ) 
)x(f1,3) 

The undisturbed flow is assumed horìzontal, a function of 

the height z. Components x, y, and z are denoted ti, V, 

and zero. The corresponding disturbance velocities are u, 

V, and w. Additional notations are: Absolute tempera- 

ture, T; pressure, p; densitY( 
; reciprocal of potential 
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tet:perature,Z ; disturbance uf pressure,); and the 

earth's angular velocity vector (f1, 2' 3) 

Using an equation expressing the isentropic nature 

of the flow and the equation of continuity, Scorer ar- 

rives at a very complex equation for the stream function 

(34, p.44). 

He then shows that the earth's rotation term may be 

neglected, making the flow independent of V and that cer- 

tain terms are small for all likely values of wind speed. 

He obtains the following equation (34, p.45): 

(2) 

The equation may be simplified further by neglecting the 

term ink' (5, p.504), yielding 

"(->° J(1/- /) (3) 

Since the vertical velocity w , 
cX 

t:c wave equation may be written as follows: 

(4) 

The problem of an upper boundary condition is dif f i- 

cult and raises some controversy (5, p.496). Since the 

atmosphere gradually thins out to essentially nothing, the 

waves must uviuusly die out as z goes to infinity. 
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Scorer reasons that w must be zero at the ground, tend to 

zero at great heights, and become finite in some inter- 

mediate region. These boundary conditïons impose a varia- 

tion on in order for to change sign at least once. 

This Implies that m;st be less in some fairly deep upper 

layer than it is in a layer below (5,p.5O6). Sucn rea- 

soning led Scorer, for theoretical considerations, to the 

concept of an interface in the air stream dividing it into 

two layers in each of whichJhas a constant but dif fer- 

ent value. The first two boundary conditions arise at 

the ground and infinite height and continuity considera- 

tions at the interface supply the remaining two. 

Denoting the lower layer by 1, the upper by 2, and the 

interface at û , Scorer shows that the solutions are of 

the form (34, p.47): 

A (5) 

() - ok i - 5i/ 
5 (6) / /'I 

Waves may occur over level ground at ¡f (O 
leading to the relation 

/41 ° /4( /7 1/fL O i 
ì#4/ L /, 

)î:2 /L /27 (7) 

Tuis is regarded as an equation In k determining the wave- 

length of those waves which could persist over level 



ground when initiated upstream (34, p.47). 

Scorer then shows that the equation possesses a sin- 

gle solution only for the condition that 

jij_ 
T (8) 

In a thermodynamically neutral atmosphere, equation 

4 is further simplified because the stability factor is 

zero: 
( 

(9) 

Wind shear then becomes the important factor in producing 

the variation in necessary for waves to exist, in the 

lower layer the wind speed varies with height in such a 

way to give a characteristic value fr the layer. In 

some higher layer the speed must again vary with height so 

that IP'/U gives a sufficiently smaller value. 

Scorer uses the idealized two-dimensional ridge 

whose height at a horizontal distance x from the crest 

isgivenby 

iiLX 

where h is the height of the ridge and b is the 'half- 

(lo) 

width' parameter (34, p.47). The lee wave amplitude is 

proportional to hbeb (6, p.267). This expression has a 

maximum when This may be likened to resonance. 
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The air stream has a natural wave length as deteriui.ned by 

the wind profile. But only when the mounta.n width also 

matches the natural wave length will the amplitude be 

large (6, p.267). 
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DATA ANALYSIS 

Present theory is limited in iLs quantitative as- 
pects in real situations. Corby abates, '... the state of 

knowledge of mountain airflow is far from being complete 

and satisfactory ...' (5, p.518). Scorer Limseif says, 
"The theory of these motions is very unsatisfactory at 
present ..." (32, p.99). The simple two-layer model with 

constant in both layers is an oversimplification in the 

practical case. Scorer states, furthermore, that ,J cai 

not be measured with sufficient accuracy to determine k 

with ecisioi (32, p.100). 

The practical problex of easur.L.n the wind profile 
directly upward and imuediate1y windward of a mountan is 

very difficult. This type of ieasurement was not avail- 

able for the present research. However wind profile char- 

acteristics were deduced from the radar data and from 

rawin measurements taken at Salem, 35 miles northeast of 

Earys Peak. 

The present research was designed to show that wave 

occurrence is possible under conditions of neutral thermo- 

dynamic stability and thaL the wind profiles presenL are 
as reqired by the LLeory. 

Siflce all radar dala appear on l'ype presentaLon, 

Plates 9 and 10 are shown as an aid in ìnterprota tian of 
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the coordinate sytern. Plate 10 represents a true Car- 

tesian coordinate system as seen by the radar. 

The radar data are ot two main class!ficat!one: shower 

and prefrontal. The shower type precipitation often lacks 

pattern on the scope--it appears to flow across the screen 

like a fluid with a definite top. There is no bright band 

evident. Tìi. type often produces little variation in 

rainfall with distance and appears to be less affected by 

the mountain. Shower type precipitation was dominant on 

17 and 27 December, 1957 and on 20 January and 31 March, 

1958. 

The prefrontal precipitation is entirely different in 

character. The most outstanding characteristic is the 

intensified reflectivity of the melting layer region corn- 

monly called the 'bright band," Frequently bright layers 

may appear above the freezing level, sometimes even if no 

bright band is evident. These are known as upper bands' 

and were first reported by Bowen in 1951 (3). Subsequently 

Lhermitte (21), Browne (4), and Marshall (25) independently 

interpreted these as precipitation trails formed by snow 

falling from a generating element through a region of 

vertical wind shear. 

In a coordinate system where x is the horizontal dis- 

tance, and z is the vertical distance measured downward 
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from the point of generation, the horizontal motion of a 

particle will be dx/dt and the vertical motion dz/dt. 

Assume that the horizontal motìon of the particle is 

equivalent to the environmental wind speed and is sorne 

function of height w(z), where w is the wind component in 

the x direction. The rate of descent of the particle is 

equal to the terminal velocity of the particle and this 

may also be some function of z, v(z). 

Now the slope of the trajectory of the particle at 

any point is dx/dz, which becomes w(z)/v(z). Solving for 

dx and integrating over the distance of fall gives the 

following relation: 

)':- 
J V() 

1f we let v(z) be a constant, say b, and w(z) be a 

linear shear function, say az, the trajectory will be a 

parabola (15, p.58): 

X:: 

Marshall reports good experimental agreement between 

the sloping trails observed on a lUll scope and the theory 

outlined above, using rawìn upper wind data (15, p.59). 

The speed of descent of the layers relates to the 

terminal velocity of the particles and the wind structure 

through which they are falling. 
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Upper bands occur frequently ìn this vicinity (16). 

As the front approaches and the frontal 'rface lowers, 

the point of generation lowers and the snow trails initi- 

ate rain showers in the bright band region. These have a 

greater slope in general than the snow trails and are 

known as 's1oping showers." ihey assumed a definite role 

in the detection of the mountain wave phenomenon over 

Marys Peak. 

Plates 11 and 12 on page 21 illustrate a spectacular 

upper band which appeared at 2335P on 28 January, 1958. 

The synoptic situation was pre-warmfrontal with an average 

precipitation rate of about 0.04 in/hr. The snow trail 

was almost vertical., extending upward to 17,000 ft mean 

sea level. It moved horizontally at a speed of 50 knots. 

There was a region of intense wind shear near 9600 Lt, 

Plate 13, which made the resulting band almost horizontal. 

It descended at a rate of 7 ft/sec and had a slight upward 

slope with respect to the melting layer bright band as 

shown in Plate 12. 

The reflectivity of the snow trail was much less than 

that of the band which it initiated. Using a densitometer, 

the measured transmission of the snow trail portion of the 

film is about 1/3 that of the band portion. This indicates 

the sudden increase in radar reflectivity at the region of 

wind shear. Factors such as rapid growth, slight melting, 
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or ice crystal aggregatioï uay account for this. ipid 
growth is possible in a moist region of upercoo1ed water 

droplets. The relative humidity was high in this region 

on the 28 January, 15JP rawin ascent, but it decreased 

by 29 January, 0300P as shown in Plates 14 and 15. Ludlam 

shows that ice crystals may become coated with liquid 

water above the 0° isotherm due to the heat released when 

supercooled water droplets freeze (23). This is a factor 

giving great intensification to the radar signal; it is 

also one of the processes n the melting layer bright band 

(36, p.13). The heat released may cause convection which 

contributes to the aggregatiofl of the particles. 

Plate 16 shows an ïeuse shower lasting about 2 min 

which 'was observed to be graupel at the radar site. 

As the front approached, the snow from the snow trails 

falling into the bright band intensified it in a small 

region. The resultant sloping showers are seen in Plate 17 

with the snow trails above. During the period from 0235- 

0335P, 22 sloping showers of varying intensity passed de- 

positing in of rain. Plate 20, showing chronograiïs of 

rain rate at each of the rain gages, indicates that there 

were peak rates of nearly in/hr which correlate with the 

arrival of intense echoes on the radar screen. Note the 

tendency for displacement of the peaks toward later times 

at the downwind gages. 
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Two variations of sloping showers occurred. ii 1]. Feb- 

ruary, 1958, as shown in Plate 18, the wind increased in 

the lower levels resulting in a forward sloping shower. 

3n 23 January, 1958, the wind velocity decreased both 

above and below the bright band region resulting in back- 

ward sloping snow trails as illustrated in Plate 19. 

The mountain wave case most amenable to analysis and 

illustration is the one of 23 January, 1958. Two series 

of radar photographs illustrate the principle by which the 

waves were detected, Plates 21 trough 44. each series 

was taken at a constant gain setting. 

The first series, shown in Plates 21-35, extends 

from l015:OOP until 1016:1OP. Two sloping showers appear 

in this series and have been designated shower a and 

shower b. The following discussion charts their char- 
acter.istics as they sweep over the mountain. 

Shower a begins as a small light spot emerging from 

the 2 mi range mark in Plate 2]. at 1015:00. By 1015:10 

it has moved considerably but is still on the windward side 

of the mountain. It soon increases in size and brightens 

considerably as air currents rising over the mountain cool 

and increase tue moisture supply. After 25 seconds from 

initial observation it is just past the peak and is at a 

maximum in size and brightness. Five seconds later it be- 

gins to decrease in size and brilliance, probably due to 
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descending air on the leeward side, and at 1015:40, it 

reaches a minimum in both size and brilliance. As it 

reaches the rising air currents of the first mountain wave, 

it again increases in brilliance and size, as shown in 

Plates 30-33. Shower a was very intense and reached unu- 

sually large proportions by 1016:10, as evident in Plate 35. 

Shower b behaves in much the saine fashion except that 

it is less intense and appears initially on the photographs 

at about the first wave minimum in the lee of the peak, 

shown in Plate 21. 

The second series of radar photographs illustrates 

the same process and occurred 21 hours later beginning at 

l232P. It extends from 1232:20 to 1233:40 and is shown in 

Plates 36-44. Taken on Kodachrome, the pictures lack 

quality. However, sloping shower variations are visible 

as in the first series. 

A densitometer was used to measure the changes in 

density of the film record of showers a and b as they pass 

over the peak. These density measurements were made from 

negative enlargements of the 8mm frames at successive tizne 

intervals as indicated. Minimum transmission readings were 

made for each shower from each frame by use of the densito- 

meter. The readings were then corrected for changes in 

density due to variations in sweep speed. The correction 

factor was measured from an exposure of the scope under 
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constant sweep inteisity. The scale is plotted with the 

minimum at the top since the readings were taken from neg- 

atives, the minimum representing the greatest shower in- 

tensity. The resultant curves are presented in Plate 45. 

These are transmission readings. As such, they are not a 

direct measure of shower intensity, since the radar and 

photographic processes are in general non-linear. Rowever, 

the graphs do indicate accurately the positions of maxima 

and minima. 

Change iii size of the shower echo is indicated by meas- 

urements of the echo dimension along the bright band in the 

plane of the radar scan. Termed "relative length't, it was 

measured from the film for shower a with a measuring micro- 

scope. While somewhat subjective due to the indefinite out- 

line, the general agreement is good as is evident in Plate 

46. The length plotted is a corrected value due to the 

distortion of the B presentation. 

Further evidence of the presence of mountain waves is 

presented in Plate 47, which shows the rainfall rate at the 

ground at 1019P as a function of distance, and the total 

rainfall over the period from 0958-1025P on 23 January, 

1958. This pattern shows a minimum which is displaced lee- 

ward due to the trajectory of the drops. 

Transmission readings for the shower of 1232P with 

attendant rainfall during the period from 1222-1257P on 
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23 January, 1958 are presented in Plate 48. These curves 

were obtained in the same manner as the corresponding 

curves for showers a and b. They show maxima and minima 

in the sanie positions as the former even though the time 

is 2 hours later. 

Note that Plates 45 through 48 are all plotted to the 

same distance scalo and the positions of the maxima and 

minima may therefore be directly compared. Plate 49 pre- 

sents the graphs of these Plates plotted together for 

illustration of their spacial relationship. 

A slight displacement of the minimum leeward as the 

storm progressed is indicated in Plate 50, 

total accumulated rainfall of the 23 Janua; 

0900P until the times indicated. However, 

characteristics are reasonably constant. 

The frontal passage was marked by the 

tall broken showers at approximately l400P 

Plates 51-54. 

The storm of 6 December 1957 produced 

which shows the 

ry storm from 

the general 

appearance of 

as sliowxA in 

a very sharp 

minimum in rainfall at a slightly greater distance from 

the mowitairi than the storm of 23 January, 1958, as shown 

in Plate 55. The radar data were poor for this date due 

to insufficient exposure of the Kodachrome film. 

The atorra of 9 January, 1958 produced a minimum closer 

to the peak. The radar indicates sloping showers and 
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conditions similar to those on 23 January, 

Forward sloping showers were produced during the storm 

on 11 February, 1958, shown on Plate 16. itaìnfall was very 

light during the period of observation so that the rain 

gage records have less reliability, However, a periodic 

variation is shown. 

Plate 56 shows a transmission reading taken dIrectly 

from the film and is a measure of echo intensity between 

the radar and the mountain a few degrees above the terrain. 

A distinct maximum is indicated. 
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DISCUSSION OF RESULTS 

A tnerrnodynamicaily neutral atmosphere may be 8110wn 

drecly from the radar data. In a neutral atucsphere, a 

riELng saturated aAr parcel cools pseudo-thabatical1y and 

maintains the saiae ;emperature as its surroundings. It is 

neither accelerated nor retarded by thermodynamic forces. 

Consider a parcel starting to flow over a mountain. In 

rising it cools pseudo-athabatically, but in a neitra1 at-. 

mosphere it reaches a particular temperature at the saine 

level at which that temperature existed over the starting 
point tUsing air does not alter the lapse rate in a neu- 

tral atmosphere. Descent likewise does not alter the lapse 

rate as long as saturation is maintained. 

Since the bright band is associated with the zero 

degree isotherm, is level Shtuld be constant if the atmos- 

phere is truly neutral even though air is rising and de- 

scending through it as in the case of flow over a mountain. 

Observations of the bright band during the 23 January 

storm showed it to be horizontal over the mountain. A plot 

of the bright band at 1023P in true perspective appears in 

Plate 57. The points fit very well except for two which 

appear low where the band was not intense. This evidence 

from the radar shows that the atmosphere ìs indeed thermo- 

dynamica uy neutral. 
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The adiabatic diagram presented in Plate 58 confirms 

the radar evidence that the atmosphere was nearly neutral 

since the temperature curve closely follows the pseudo- 

adiabatic line. These data were taken at Salem and are 

indicative of the conditions at Marys Peak during the 

course of the observation period. 

Plate 59 shows that the atmosphere was neutral on 

December also. The sounding for 9 January, Plate 60, shows 

a marked departure in the lower elevations; however, the 

sounding was made prior to the storm, which might account 

for the departure. The 1]. February sotmding, as shown in 

Plate 61, is relatively stable. This case departs the most 

from neutral atmospheric conditions. 

We may inquire into the cause of the increased radar 

reflectivity as the sloping showers pass over the crests 

of the waves. Wexier presents the following table showing 

echo intensity changes measured in decibels due to four 

physical processes (36, p.13): 

DIELECTRIC FALL 
LAYER CONSTANT ShAPE VELOCITY GROWTH TOTAL 

Snow to 
bright band 6 1j -1 0 6 

Bright band 
to rain I -1 -8 -1 -5 

The dividing line between the layers is the region of maxi- 

mum bright band intensity. 











The increase in radar reflectivity due to the dielec- 

tric constant change between the solid and liquid states 

appears to be a constant factor. Condensation due to the 

updraft contributes to growth in the region, thereby in- 

creasing the radar reflectivity. The updrafts also promote 

drop growth by suspending the drops in a region where 

growth may ordinarily be rapid (1, p.165-6). Furthermore, 

they tend to decrease the fall velocity relative to the 

earth thus decreasing the drop in signal intensity due to 

this factor. Updrafts also tend to bunch the drops verti- 

cally, increasing the number per unit volume and thereby 

the radar reflectivity. Shape factor changes do not appear 

to be of large quantitative contribution. 

The observed rainfall patterns at the surface indicate 

that growth is a significant factor in radar signal inten- 

sification. Drop size vs distance has not been measured 

but in general it increases with increasing rain rate (19). 

Drop size has an important effect on the radar reflectivity 

since the reflectivity is proportional to the sixth power 

of the drop diameter. For spherical drops this is known 

as Rayleigh scattering (31). 

If the positions of maximum and minimum intensif ica- 

tion are compared for each of the three showers analyzed, 

it is readily seen that they are strikingly coincident, as 
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plotted in Plate 57. Tue wavelength appears to be close to 

0.65 nautical miles, although the frst maximum over the 

mountain is displaced somewhat windward. 

The maxima and minimum oÍ the rain gage response curve 

lies downwind of the first minimum and two maxima of the 

waves and is due to the trajectory of the drops. The tra- 

jectory of a given drop is affected by two factors, namely 

the terminal velocity of the drops and the wind structure. 

The former is a function of the size of the drops and may 

be anything up to about 8 or 9 meters per second (15, 

p.54). The horizontal wind velocity is a coiiplicated 

fimction of height and may even be negative due to up- 

slope winds at the surface. It also may vary somewhat 

with distance. The vertical wind velocity is a particu- 

larl complicated function of the height and distance in 

the vicinity of the waves. These all affect the drop tra- 

jectory and for calculation purposes would require exten- 

sive measurements of the wind profile and drop size distri- 

butions. 

These considerations lead to speculation about the 

seasonal distribution of precipitation over 1iarys Peak. 

Since 1954, four storage rain gages have been maintained 

on the peak, and are designated by small circles marked A, 

B, C, and D in Plate 7. The following table gives the 

total season's precipitation in inches at the four stations. 



YEAR A B C D 

1954-5 3.7 477 71.6 79.3 

1955-6 ---- 74.3 109.5 112.6 

1956-7 ---- 42.0 3.0 63.0 

1957-8 

Gage A blew down during two winters. Note the signi- 

ficant increase in gages C and 1) which are in the lee of 

the peak. This is due to the intensification in precipi- 

tation as air is lifted over the peak, and the fact that 

this is carried over to the lee side by the prevailing 

winds. The radar revealed precipitation echo in the im- 

mediate lee many times when no echo existed elsewhere indi- 

cating that orographic lifting alone is at times responsi- 

ble for lee side precipitation. Echoes iere were also 

consistently the strongest received. 

No significant change in wavelength was observed 

during the course of the 23 January storm. The rainfall 
rate minimum tended toward a slight displacement in the 

leeward direction. An increase in wind velocity as the 

storm mounted probably accounts for this phenomenon, how- 

ever. 

These observations are in close agreement with the 

over-all requirements of Scorer's theory which states that 

the be sufficiently less in some upper 
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layer than in a layer below, and is dependent only on wind 

shear for its variation in a neutral atmosphere. aeferring 

to equation 9 on pago 18, we see that a wind velocity 

profile such that the wind increases to a maximum with 

height and then to a minimum, finally increasing again 

forming an S shaped curve, would give the greatest varia- 

tion in Un/U and hence in )1(30, p.22). 

As shown in Plate 19 on page 29, the backward sloping 

snow trails and rain showers on 23 January indicate that a 

maximum in wind velocity occurred near the bright band 

region conforming with the requirements of the theory. 

This same pattern was evident on 9 January. These veloci- 

ties however are not in the undisturbed airatream although 

u is defined as the undisturbed horizontal velocity. These 

trail patterns indìcate that a maximum in velocity did 

exist in the undisturbed airstream but they could not shed 

light on its magnitude. 

Plates 62-66 show the wind profiles for the rawin 

ascent nearest in time to the observation period. In each 

case there was a distinct maximum in wind velocity between 

4,000 and 6,000 feet. These may not be taken as actual 

measurements of the U profile but are indications of the 

characteristics of the airstream. They are precisely as 

required by the theory. 
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For the 23 January case there are actually three 

regions of decreasing)be1ow 18,000 ft. A multi-layer 

model conforming more highly to an actual situation could 

ìn theory be set up. However, the mathematics would be- 

come inordinately complex and no new principle would arise 

(5, P.508). The general principle remains that a suffi- 

dent decrease in with height is required. 

The wavelengths of the waves observed at Marys Peak 

during this year are in agreement with the wavelength indi- 

cated by the plot of the 1956 echoes in Plate 7, page 11. 

These are of the order of 1 km while the usual spectrum 

quoted for mountain waves is i to 10 km. They are thus at 

the lower end of the spectrum. Idealizing any of the wind 

profiles into a simple two-layer model yields values for 

the order of 5/mi2. Since k must be less than), or 

less than say 2.2, the wavelength, which equals 2r1/K, 

could not be shorter than approximately 3 mi. It appears 

that it would be almost impossible to get large enough 

values íorj,to yield wavelengths of the order of those 

observed. 

It therefore appears that the theory requires modif i- 

cation, possibly by considering the effects of condensa- 

tion and precipitation without the benefit of the stabil- 

ity term. 



The fact that al]. wavelengths observed appear to be 

in the range of 0.6 to 0.2 i1 suggests that a mountain 

resonance effect may be responsible. The theory applies 

to an idealized mountain profile; exact computation of the 

resonance dimension of Marys Peak would be difficult. 

Indications are that a narrower mountain such as Marys 

Peak would have a resonance for shorter wavelengths. 

The possibility of rotational flow must be considered. 

As observed în clear air, this type of flow produces a 

trotort or troll cloud. Much greater turbulence is pre- 

sent here, and the stipulation of laminar flow is lost. 

Perturbation theory, therefore, is capable only of saying 

that lee waves are not possible; it can say nothing about 

the character of the flow (5, p.5'8). 

In rotational flow, there will be regions of upstream 

motion. No indications of this have been observed in the 

radar data, In addition, visual observations of cloud 

motion estimated that they were moving from about 200° 

at 40 knots on 23 January; however, the cloud base was 

relatively low. It does not appear that there are suf f i- 

cient data and information available to disprove conclu- 

sively the possibility of rotational flow. 



CONCLUSIONS AND RECOMMENDAT IONS 

The most important contribution of the present 

research is to demonstrate that periodic spacial varia- 

tions in rainfall rate are at times produced by the air- 

flow pattern over a mouitain. These airflow character- 

istics can occur under conditions of neutral thermodynamic 

stability. These variations result from periodic intensi- 

fication of sloping showers and create a similar periodic 

variation in rainfall deposited at the surface. These 

facts have been attributed to mountain waves, although 

the possibility of rotational flow has been considered. 

The formation of upper bands and sloping showers has 

been demonstrated for this region. Precipitation trails 

with reversed slopes occur, a phenomenon doubtless en- 

hanoed by the presence of the mountains. Speculation has 

been raised about the possibility of melting taking place 

above the 0° isotherm, which may contribute to the aggre- 

gation of ice crystals and result in a rapid intensifica- 

tion of the upper band in a shallow region. 

Oregon State College now possesses some good basic 

equipment for continuing research in this areas Two fruit- 

ful lines for research appear. More detailed measurements 

on mountain waves are needed over a period of several 

years. [n addition, the lee wave situation appears to be 



70 

an ideal laboratory for cloud and precipitation physics 

investigations. 
In considering futuro research the nountain wave 

a more precise knowledge of the airflow is desirable. A 

balloon with reflector could be tracked by the radar sot, 

if we assume that a suitably flexible radar orientation 

system could be developed. 

Three types of balloon born neasurements are possibl 

To make measurements of U, the reflector uust be released 

far enough windward of the peak to be genuinely located in 

the undisturbed air stream. This places the release point 

in an area of extremely limited accessibility in the 

wintertime due to road conditions. rata obtained in this 

way would have very limited usefulness, however. U(z) is 

defined to be the wind profile immediately windward of the 

beak. Velocities may reach 60 knots or moro. It is 

doubtful that a balloon could raise a corner reflector 

much faster than 500 Lt/min. Even if it could rise 1,000 

ft/mm, or 17 fi/sec, in a sixty-knot wind (101 fi/sec), 

the slope of the path would be 17/101 or 1/6. If a bal- 

loon ascent of 8,000 feet wore considered sufficient, it 

would have to be released nine miles upwind of Marys Peak. 

This would place it behind two intervening peaks with their 
attendant flow disturbances so that the U profile obtained 
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could not possib11 be indicative enough of the actual. pro- 

file close to the peak to permit quantitative evaluation 

of U. Perhaps a better approach would be a drop-sonde 

with reflector, designed to fail rapìdly enough to give a 

measurement of the wind struct.re in a relatively small 

horizontal space. 

Another type of measurement, that of determining the 

flow streamlines, would involve the release of a reflector 

from the summit with the balloon inflated to have zero 

lift. This reflector would follow the streamlines Df the 

flow measuring effect rather than cause. Knowledge of the 

streamlines would yield information on the amount of lift- 

ing over the wave crests. 

The third possibilitg for wind structure measurements 

involves the release of a balloon in the lee of the peak 

for evaluating the low level wind structure, yielding 

information on such effects as lee eddies and turbulence. 

This structure also affects the fall trajectory of rain- 

drops and thus the response of the rain gages. A pilot 

balloon observation might be used here on those dates 

when the cloud base is relatively high. 

The mountain wave situation at Marys Peak seems to be 

ideal for studying the effects of lifting on precipitation 

production. The scale is small and the effect close so 

that detailed measurements are possible. The amount of 
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lift could be determined from knowledge of the streamlines 

as mentioned above. A device such as a pulse integrator 

would be needed for precise quantitative measure of radar 

reflectivity. 

Grass Mountain, which is eight miles southwest in the 

direction of prevailing winds, would provide an ideal 

point for release of artificial nucleation substances. 

Evaluation of subsequent precipitation under conditions 

of pronounced lift by both radar and rain gages would be 

possible. 

The present research has answered many questions of 

basic importance about mountain airflow and the resultant 

precipitation patterns. A continuing program over the 

next 5 or 10 years is urgently needed to finalize some as- 

pects and extend the observational opportunities into other 

fruitful and important areas. The following recommenda- 

tions for the immediate future should be urgently consid- 

ered. 

Since the access road is now completed, the radar 

should be relocated at the present position of gage number 

8 so that the 1700 ft blind radius due to transmit-receive 

switching will be several lee wavelengths removed from the 

peak. A scope presentation in true perspective would 

reduce considerably the time required for analysis of the 
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data, A c»np1ete aEseib1y of spare radar and power si.pply 

u1Li;S is a musi; for consistently dependable operation, 
A niinimuu of 12 raiz gages should be placed in a 

seres extending to the Pioneer Butte iookou road. 8ev- 

eral of these would be located in forested areas aud uuld 

be faced with a problem in correct exposure. A better 
system of powering the operations recorder such as a 

spring drive motor is needed. 

in order to facilitate speedy setup of operations, 
the camera equipment and operating position should be lo- 
cated inside the trailer. The power supply unit should be 

mounted in a weather and sound proofed housing to be placed 

outside during operation. 

Plans for wind profile measurements should be laid 
immediately considering the factors outlined above. 

Direct quantitative measure of radar reflectivity 
variations in the lee of the mountain should be carried 
out with a pulse integrator leading to investigations in 

orographic precipitat ion physics. 

Instrumentation for measuring the spacial variations 
in drop sizes should be considered. 

A theoretical meteorologist should be engaged to 

consider the mathematical aspects of the problem. 

A solid program of research in thi8 area can lead to 

information of a general nature highly important to our 
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national security. In addition, the practical information 

about orographic precipitation effects will be of great 

benefit in exploiting the water resources of the State of 

s 
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APPENDICES 

Data Tabulation 



(PLATE 45) 

TIM GALVAI)MTER MEASUïED DENSITY CO1UECTED MINIMUM 
READING CO.ECTION FACTOR TRANSMISSION READING 
a b a b a b 

1015:10 78 18,0 2.2 1.5 17 27 
.15 2.3 14.5 2.0 1.4 4.6 20 
.20 0.5 1.5 1.9 13 1,0 20 
:25 0.5 LO 17 12 0.9 12 
.29 0.5 0.8 1.5 1.1 0.8 0.9 
:33 1.0 1.1 1.4 1.1 1.4 1.2 
.37 1.8 2.8 1.3 1.0 2.3 2.8 
.40 3.8 6.0 12 1.0 4.6 6.0 
.44 3.8 5.0 1.1 1.0 4.2 5.0 
:48 2.7 3.3 1.0 1.0 2.7 3,3 
:52 1.7 4.3 1.0 1.0 1.7 4.3 
:56 0.7 1.0 1.0 1.0 0.7 1.0 
.59 0.4 1.7 1.0 1.0 0.4 1.7 

1016.03 0.4 4.0 1.0 1.0 0.4 4.0 
.06 0.5 4.3 1.0 1.0 0.5 4.3 
.10 0.4 6.9 1.0 1.0 0.4 6.9 



(PLATE 4G) 

TIME 1EA8UTtED LENGTh CORRECTION RELATIVE 
LENGTh FACTOR LENGTH 

1015:10 2.85 1.0 2,9 
:15 3.30 1.0 3.3 
:20 3.00 1.0 3.0 
.25 J.85 1.0 39 
:29 2.75 1.1 2.5 

1.2 2.1 
:37 2.60 1.2 2.2 
:40 2.90 1.2 2.4 
:44 3.60 13 2.8 
:48 3.90 14 2.9 
:52 4.35 1.5 2.9 
:56 4.80 1.6 3.0 
.59 5.60 i.6 3.5 

1016.03 4.50 1.7 2.9 
:06 5.00 1.8 2.8 
:10 5.5c' 1.9 2.8 

00 



82 

(PLATE 47) 

GAGE RATE RAINFALL 
ec/.O2in in/hr thindredths 

3 260 0.277 11 

4 322 0.224 7 

274 0.263 10 

6 138 0.261 9 

7 141 0.256 10 



(PLATE 48) 

TIME GALVANOMETE. MEASURED DENSITY CORRECTED MINDiUM 
READING CORRECTION FACTOR TRANSMISSION READING 

1232:20 4.2 2.6 11.0 
:26 2.5 2.4 6.0 
:32 6.0 2.2 13.0 
.38 3.0 2.0 6.0 
.44 9.2 1.8 16.5 

:50 7,0 1.6 11.0 
:56 16.8 1.4 24.0 

1233.02 15.0 1.2 18.0 
.08 11.4 1.15 12.5 
.14 8.0 1.05 8.5 
:20 7.4 10 7.4 
:26 9.8 1.0 9.8 
:32 8.4 1.0 8.4 
.38 11.0 1.0 11.0 
:44 14.7 1.0 14,7 

PA INFALL 
GAGE HUNDREDTRS 

3 20 
4 16 
5 15 
6 18 
7 19 

00 



(PLATE 50) 

HUNDREDTHS 

GAGE 1025P 1122P 1222P 1329P 1457P 

3 24 51 86 116 141 
4 16 37 69 97 119 
5 20 41 73 95 112 
6 19 42 75 103 128 
7 23 49 85 115 142 

(PLATE 55) 

tMGE HUNDEDTI1S 
8 December 157 

2 31 
3 36 
4 36 
5 22 
6 14 
1 26 

iiUNDxtEDTHS 
9 January 1958 

20 
12 
16 

15 



(PLATE 56) (PLATE 57) 

ILES TEANSMI8EION (Bright Band) 
READ ING 

IThGEES NAUTICAL 
0.20 0.6 ILE8 
0.25 1.6 
0.31 3.2 11 2.1 
0.37 3.3 64 1.7 
0.43 3.1 57 1.3 
0,4 2.8 43 1.0 
0.54 2.2 29 0.82 
0.60 1.1 15 0.75 
0,66 0.5 0 0.70 
0.71 0.3 -15 0.12 
0.7'! 0.2 -29 0.86 
0.83 0.2 -43 0.90 

-57 1.]. 

-64 1.4 
-71 2.1 

co 


