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ABSTRACT

Radar, and other observations, have shown that wintertime Pacific
cyclonic storms do not, in general, consist of large areas with horizontally uniform precipitation rates but contain bands or cells of heavier

precipitation.
shion out of

These cells or bands tend to be oriented in a spiral fathe storm center.

It takes on the order of 1-2 hours for

such a band to pass over a local area.
The use of both conventional and Doppler radars to study the flow
of air and the trajectories of precipitation particles over the Cascade

Mountains during the passage of a wintertime cyclonic storm are considered.

It is shown that conventional radar, and even the use of a single Doppler
radar, to study the three-dimensional motions is severely limited because
of the non-steady state conditions imposed by the cellular structure and

A three Doppler radar

because of complications introduced by topography.

system would solve most of the problems in the study of the three dimensional motion field over the width of the bands.

However, the logistics

involved and the fact that the system is not immediately available makes

the three Doppler scheme unattractive at the moment.

It is recommended

that a scheme employing two Doppler radars (one fixed and one mobile) be
used in the Cascade Project.
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SECTION 1
USE OF CONVENTIONAL RADARS TO STUDY PACIFIC CYCLONIC

STORMS OVER THE CASCADE MOUNTAINS
1.1

Previous studies of west coast storms

One imagines a typical West Coast cyclone as generating extensive stratiform cloud layers with continuous light to moderate precipitation, and to lack
the rapid changes in intensity that are common with convective clouds.

How-

ever, in studies of such storms in central California, Nagle and Serebreny

(1962) found that even though there were extensive cloud decks

within each

cloud deck there were areas of considerably stronger radar echoes that were

correlated with cellular structures as seen by satellites.
of such cells was found to be about two hours.

The local duration

This is considerably longer than

the- lifetime of a typical convective storm, but is shorter than the lifetime of
a cyclone.

These "cells" tended to be oriented in spiral bands and there were

several such bands associated with each cyclone, one of which was generally lo-

cated along the location of the cold or occluded front as determined by the
Weather Bureau.

Kreitzberg (1963) made some studies of Pacific occlusions over Seattle
using a vertically pointing 1. 87 cm radar.

He also found large variations of

clouds and precipitation features, both within a single storm and between separate occlusions with similar synoptic features.

He concluded that there was

no simple steady state model that will describe the features of such occlusions.

Kreitzberg also found that the vertically directed radar, even with short interval radiosonde ascents, was inadequate for studying the microphysics of the

precipitation process.

He notes that such tools as RHI and Doppler radar are

necessary for such studies.
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Elliot (1966) found a similar pattern from a rain-gauge network in the

Santa Ynez range in central California.

He also observed that within large

wintertime storm systems north-south .oriented bands could be tracked across
the network and that the configuration of the terrain produced distortions in
these bands.

Finally, Hobbs et al. (1968) in observations in winter storms over the
Olympic Mountains of Washington State noted periodic variations in wind inten-

sity and pressure which they correlated with the mesoscale structure of the
storm systems and particularly with the passage of occluded fronts.
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Radar observations in the Cascade Mountains

During the winter of 1968-69 two 3 cm radars were set up to study precipitation echoes over the Cascade Mountains in the State of Washington.

One radar

(M-33) was located at Enumclaw approximately 29 miles to the west of the Cascade
’Sidge.

A second radar (T-9) was set up at Easton about 10 miles to the east of

the Ridge.

Both radars were calibrated so that the power returned as a function

of distance, elevation angle, and azimuth angle could be determined.

The radars

were also used to track radiosonde balloons which were released every three

hours during major storms.

A sketch of the area is shown in Fig. 1.

Except during radiosonde ascent periods, automatic gain control (AGO data
was taken continuously in each storm according to the following scheme:
1.

A mean wind vector for the cloud layer was calculated from
the latest radiosonde data.

2.

AGC profiles were taken for several elevation angles from
near horizontal to vertical for
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Scale:

Fig. 1
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17.7 miles

Sketch showing the Cascade Ridge and location of radars
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a)

the downwind direction

b)

30 degrees to the left of the downwind direction

c)

30 degrees to the right of the downwind direction

d)

the upwind direction

The setup for each profile for the M-33 is shown in Fig. 2.

The usual pro-

cedure in obtaining data is to set the azimuth angle on the direction desired.

Next, the elevation angle is set at 113 mils and the power returned

as a func-

tion of range is recorded out to a range where the returned signal drops to
zero.

Then the elevation angle is increased to 135 mils and the power returned

as a function of range is recorded.

The process is repeated and a range-height

profile of the power returned is obtained.

Different azimuth angles can be used

to obtain sections in several directions from the radar.

It can be seen from Fig. 2 that it is possible to construct a graph of the

power returned as a function of height and distance provided that the meteorological situation is steady state over the time it takes to obtain the profile.

It takes 20-25 minutes for each profile and generally only one profile for each
azimuth angle was obtained between radiosonde ascents

Hence, the same point

in space was viewed by the radar only once in every three hours;

Data was taken from early December 1968 until late March 1969

However,

only part of the data from Enumclaw for the storm of 7-8 February 1969 is considered in this report.

A calibration graph for the M-33 is shown in Fig. 3.

These results were

obtained by feeding in a known signal through a test set and comparing this to
the ordinates on the recorder chart.

17, 1969.

The calibration was performed on January

From this graph one can calculate the power returned in watts through

the equation:

623 mils. (35*)

329 mllft. (r.8*)

223 ml IS. (12.*)
167 mlU. C.4*)

135 milt. (T.fi
13 milt. (C.41

Fig. 2.

Elevation angles used at Enumclaw to obtain height range sections
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Calibration chart for the M-33 Radar.
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The returned power must then be normalized to range since

P

r

C
--T

r’-

P

rn

where C is the radar constant and r is the range.

A FORTRAN IV program was written to calculate the power returned normalized to a range of 1000 yards from the chart ordinates.

The program also cal-

culated the height and horizontal distance to each calculated data point.

(A flowchart and the computer program are included in Appendices 1 and 2.
The first conclusion that one can draw from a casual inspection of the

raw data and the calculated power returned is that the distance to the Cascade Ridge is beyond the maximum range of the radar.

beyond a distance of 25,000 yards (15-20 miles)

Little data is obtained

A similar problem exists

for the T-9 radar except that the maximum range is even less.
The M-33 data for the storm of 7-8 February have been plotted in two dif-

ferent ways
1.

namely:

Fig. 4 showing range-height profiles for:

75

a)

7 February, 1136-1156 PST, Azimuth of

b)

7 February, 1157-1216 PST, Azimuth of 60 true (15 degrees

true (downwind)

to left of downwind)

2.

c)

8 February, 1730-1745

PST, Azimuth of 25 true (deWswind)

d)

8 February, 1747-1807

PST, Azimuth of 25 true (downwind)

Fig. 5 showing a height-time section for the entire period for
which data was taken (1200 PST

7 February to 1810 PST

8

February)
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Range-height section, Enuinclaw radar (2-7-69, 2-8-69)
Isolines are drawn through points of equal
reflectivity.
The top two graphs, which are separated by about 20
minutes in time and 15 in azimuth, show some
of
degree
space and time
uniformity in the reflectivity pattern. The lower two graphs
which are separated by about 20 minutes on the
show
same
large degree of both space and time variability

.
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Fig. 5
Height-time sections drawn from data taken by a vertically pointing radar; Enumclaw, Washington (2-7-69,
2-8-69)
Note the rapid changes in the reflectivity pattern with time indicating non-steady state conditions in the
precipitation pattern.
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has been plotted.

In this plot the normalized power return

from the vertical scan taken at the end of range height profile

is plotted as a function of time.

Large time gaps occur in the

plots during periods when radiosonde ascents were taken.

Looking first at the range-height plots (Fig. 4) isolines have been drawn
of equal normalized power returned on each profile.

These isolines can only

be drawn if we assume that we have a steady state situation over the period of

time that the profile was taken (15-20 minutes).

not always valid as we shall see later.

The first two profiles for February 7

(top two graphs in Fig. 4) indicate that there
containing a precipitation echo.

This assumption is probably

was an appreciable cloud deck

There was probably only very light precipita-

tion falling at the ground as indicated by the near zero reflectivity below
1000 feet.

If our assumption about steady state is correct then the two graphs

can be compared both quantitatively and

qualitatively.

The downwind profile

indicates a somewhat thicker cloud and precipitation echo than the profile toward

60.

However,

the 60 profile has a larger area of high reflectivity so

that the integrated reflectivity is probably close to the same for the two pro-

files.

There is no "slope" to the areas of highest reflectivity in the pro-

files to indicate some kind of trajectory pattern.
The profiles for the 8th of February (bottom graph in Fig. 4) are both

taken for the same azimuth (downwind) and are separated by about 15 minutes
in time.

One immediately sees a different picture than the two profiles from

the day before.

The highest reflectivity is generally near the ground and de-

creases with height.

Steady light rain was falling at the time that these

profiles were taken.

The height of the top of the precipitation echo does not
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appear to be greatly different than those on February 7th.

One sees a large

change both qualitatively and quantitatively in the character of the echo between the two profiles.

This might indicate that the situation (at least at

this time) was not steady state.

The height-time sections for the entire storm are shown in Fig. 5.

Isolines

of equal reflectivity were drawn over periods when continuous AGC data were taken.

The profiles show that storm was not steady state but contained individual "cells"
of heavy precipitation that were continuously moving past the radar.

This is in

agreement with the results of Serebreny and Nagle and of Kreitzberg.

The dura-

tion of these cells appears to be on the order of 1-2 hours as indicated by the

profile from 2330 on February 7 to 0230 on February 8.
The results shown in Fig. 5 can be compared with a similar height-time section obtained during "continuous" rain associated with a wintertime cyclone at

Tucson by DuToit (1967)

DuToit’s results show that there may be even shorter

period (1-2 minutes) fluctuations in the reflectivity at different heights

These

short period changes would not be seen in Fig. 5 because of the time between consecutive data points
1. 3

Conclusions on the use of conventional radars in the Cascade Project
The results of the analysis of the storm of 7-8 February 1969 confirm the

results of previous workers that West Coast cyclonic storms contain individual
cells or bands of heavier precipitation.

The duration of these cells appears

to be on the order of 1-2 hours.

Because of the existence of these cells the use of conventional 3 cm radars is somewhat limited in determining the actual trajectories of precipitation

particles

If more profiles on a single azimuth and single elevation angle were taken,

so that we are looking at the same point in the cloud about every 1-2 minutes, then

perhaps we could get a better idea of the duration of the cells and also fluctuations
within each individual cell.
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SECTION 2

USE OF DOPPLER RADAR TO STUDY MOTIONS OF PRECIPITATION PARTICLES
The results of the previous section clearly show the limitations of
using

conventional radars to study the motions of precipitation particles.

If one

wishes to study in detail the airflow in the precipitation and the trajectories
of individual precipitation particles then a tool such as
Doppler radar should

be employed.

In addition to capabilities of observing the back scattered sig-

nal, Doppler radar provides information on the rate of change of the phase, 41,
of the

backscattered signal.

The Doppler radar is capa He of measuring this

change of phase and is thus called a coherent radar.

The details of how the

radar measures the Doppler shift will not be discussed here.

Suffice to say

that the rate of time change of phase of the signal can be used as a
measure
of the radial velocity of the target through the equation

djf_
dt

where
radar.

V^

4

TT

\

r

is the radial velocity of the target and \ is the wavelength of
the

The important thing to remember is that the Doppler radar measures
only

that component of the velocity of the scatterers that is toward or
away from the
radar.

Thus one sees immediately that in order to get a three dimensional
picture
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of the motion of the precipitation particles you must either make certain

assumptions about horizontal homogeneity and vertical air motion or else employ more than one Doppler radar to look at the same point in the cloud.
2.1

Use of a single Doppler radar to study the motion of precipitation particles
A single Doppler radar can be used in two ways to study the motion of

precipitation particles.

The Doppler can be used with its antenna vertically

pointing to obtain information on either the drop size distribution (Wilson,
1963) or the vertical air motions (Battan and Theiss, 1968)

A single Dop-

pler could also be used to get the horizontal component of the wind by rotat-

ing the azimuth angle through 360 at a constant elevation angle (Lhermitte,

1969)

Either use of the Doppler requires certain limiting assumptions as we

shall see.
2. 2

Use of a single zenith pointing Doppler radar
The vertically pointing Doppler radar can be used to obtain information

on the size distribution of raindrops or frozen particles according to the fol-

lowing scheme:
1.

Either the vertical motion of the air must be negligible or be
known and assumed constant through the length of each range gate.

Since the Doppler radar measures the radial velocity of the tar-

gets this will give us a spectrum of V

2.

V

or V

V

+ w, where

V

is the terminal velocity of the target and w is the updraft strength.

V

can be then related to the diameter of the precipitation part-

icles either through aerodynamic equations such as Stokes
from experimental data.

law or
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3.

The radar equation can be written as

D6

E

C
1

P"

VOL

r

r2

for a group of scatterers where C

is a known constant, D is the

diameter of the particles, r is range, and P
returned.

is the average power

The equation can be written for a particular particle

size as:

P

C^ND6
r

r2
where N is the number of particles of each size.
4.

By measuring P

for a small finite range of V

we can approximate

the number of particles in that finite range and through the radar

equation and the relationship between V

and D obtain the particle

size distribution as a function of height.

The vertically pointing radar can also be used to obtain information on
the mean vertical air motion through each range gate if one has certain infor-

mation on the fall velocities of the scatterers
1.

Above the 0C isotherm if only snow is present then the Doppler spectrum is often quite narrow.

A typical spectrum for snow falling out

of a stratiform cloud might look like that shown in Fig. 6.

In such

a case one can get an estimate of the updraft velocity by merely

subtracting 0. 5 m/sec from the observed radial velocity of the spectrum mean.

2.

In the case where the spectrum is broad (e.g.

in rain or if there

is hail or rimed particles present) a number of investigators

(e.g.

Battan and Theiss, 1968) have extracted updraft velocities by assuming

0. 5
Radial velocity
Fig. 6

Vr

(m/sec)

Typical Doppler spectrum for snow falling out of a stratiform cloud.
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that in most parts of a shower there are particles with fall speeds
relative to the air on the order of 1 m/sec.

It is assumed that

the minimum size particles detectable by the radar are falling at
about 1 m/sec.

Thus by observing the radial velocity of the lower

end of the spectrum and subtracting 1 m/sec the updraft velocity
can be extracted.

A similar procedure can be followed if the ter-

minal velocity of the largest particles is known.
3.

Various combinations and refinements of the above technique have

been used by other authors.

Some workers (e.g.

Aoyagi, 1968) as-

sume that the raindrops are distributed according to the Marshall-

Palmer relationship

Np

N^e

-AD

A is related to the rainfall rate

which in turn can be related to the total radar reflectivity.

If an

updraft is present the entire Marshall-Palmer spectrum is displaced
toward the lower end of the spectrum.

Groginsky (1968) extracts

gradients of the updraft velocity (dw/dz) by considering continuity
equations for the liquid water content.
Thus we see that with data obtained from a zenith pointing Doppler
radar
the size distribution of particles can be extracted if the updraft
velocity is

known, or, alternatively, we can get at the updraft velocity if certain information on the size distribution is available.

However, recently it has been dis-

covered that there are certain other inherent assumptions that come into
play be-

cause the radar is looking at a finite volume of the cloud.
discussed by Browning et al. (1968), Lhermitte
and others.
1.

(1968), Battan

These assumptions are
and Theiss

They are:

There are no gradients of the vertical velocity within

the limits of the sampled volume.

(1968),
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2.

Small scale turbulence effects on spectrum broadening
can be neglected.

3.

The beam is sufficiently narrow so that spectrum broadening

due to the radial components of the horizontal wind along
the edges of the beam can be neglected.

The first two effects can probably be neglected in the case of stratiform

precipitation or in orographic lifting of a sufficiently stable air mass.
cannot be neglected in the case of strong convection.

They

The effect of the finite

beam width is solved by restricting the beam width to about 1 degree.

These

three assumptions also play a role in extracting information from other than
zenith pointing radars.

Results from the use of vertically pointing radar are many and the details
of each will not be discussed here.

The most widely used application of the drop

size distribution is in the study of the growth and break-up of particles in and

below the melting band.

Wilson (1963) showed that the drop size spectrum broad-

ened between the melting band and the ground with the large drops growing at the

expense of smaller drops.

DuToit (1967) concluded that the large drops grew by

coalescence and that there was little drop break-up below the melting band.

Dyer

(1968) concluded that aggregates of snowflakes experienced a "break-up" in the
melting band.

Ohtake (1968) obtained some information on the size distribution

on snowflakes above the 0C isotherm and on the distribution of raindrops below

the melting band.

From these results he concluded that each snowflake melted in-

to a single water drop.

Typical of information on updraft velocities in a thunderstorm or showers
were those obtained by Battan and Theiss

(1968)

By assuming that the terminal

velocities of the smallest observable drops were on the order of 1 m/sec and by

constructing a height-time section during the passage of a thunderstorm they
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were able to construct the updraft and downdraft pattern in the shower.

Battan

and Theiss were also able to infer the presence of hail in the cloud
from the

width of the spectrum.
2. 3

Use of a single Doppler radar employing the
velocity-azimuth-display (VAD) technique

A single Doppler radar can be employed to obtain information about the horizontal wind component as well as the vertical by means of the velocity-azimuth-

display (VAD)

In this technique the antenna of the radar is rotated through

360 of azimuth while the elevation angle is kept constant (Lhermitte, 1969)
A schematic of the VAD technique is shown in Fig. 7.

The radial component is

then resolved into horizontal and vertical components according to

V^,
where

P^

V^

V^

(13

cos 9 cos

B

+ (V

w) sin 9

horizontal component of the particles motion, g

wind direction.

If

V^,

+ w is known or can be neglected and if horizontal

homogeneity can be assumed then V
different azimuth angles.

azimuth angle,

and g

can be determined by observing V

A typical spectrum of V

as a function of azimuth

on the VAD system might look like that shown in Fig. 8.

In a snowstorm where there are small fall velocities and small updrafts

V^,

+ w can often be neglected even at large elevation angles.

In such cases

horizontal homogeneity can often also be assumed.
If there is no wind convergence then an estimate of the term (V

sin 6 can be made by integrating the spectrum over through 360.
2ir

/<

V^(B)dB
0

cos9

27T

\Jo

/

V^cos(8-g

)d|3

+ sin

9

2ir

\Jo

(V

+ w)dg

+ w)

at

Fig. 7

Schematic of the Doppler radar velocity-azimuth display.

>-

30. 0

0.0

30. 0
0

90*

80

270

Az imuth ongte R
Fig. 8

Typical spectrum of

V^

as a function of the azimuth angle on the VAD system.
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In this case
riv

o

v, cos (e-e )dp
o
h

o

+

and an estimate of V

w can be made by

r2ir

27T

V d6
r

o

V

sin 9

Jo

cos (g-B )dg

h

o

Then if we know (or can neglect) either V

or w an estimate of the other

term can be made.

Also, if we can neglect V

+

w then

27T/

27T/*

V dp
r

Jo

V,

cos 9

Jo

h

cos (g-0

)d@

and we now have a method for measuring the wind convergence.
The most common method of applying the VAD display is to use very low

In this case the contribution to the radial velocity due

elevation angles

to the vertical motion of the particles can be neglected and V,

can be esti-

mated through

V

r

V,

h

cos 9 sin (

6 )
o

The maximum elevation angle that can be employed is limited by the strength
of the updrafts and downdrafts in relation to the horizontal component.

In

the case of severe thunderstorms even very low elevation angles lead to
errors.

Generally it is assumed that for elevation angles below 20 the ver-

tical component can be neglected (Tatehira and Srivastava, 1968)

Many investigators have made measurements of the horizontal wind using
the VAD technique.

However, only very limited data has been obtained to
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date on the divergence or vertical motion terms through integration of the

V

equation.

Tatehira and Srivastava (1968) present a model whereby the

vertical motion term and the divergence term are related through the equation of continuity.

They suggest that measurement of the convergence as a
<0

function of height be made by measuringl

Jo

20

V dg at elevation angles up to

A measurement of w is made by pointing the. radar vertically and using

a scheme similar to Battan and Theiss

of the term.

(1968) to subtract out the V

portion

However, in practice they note that it is difficult to change

the scan mode frequently between VAD and vertical.
creases the data acquisition rate considerably.

Such a technique de-

Also they note the updraft

as estimated from the zenith pointing radar might not be representative of

the large area over which the convergence is estimated from the VAD display.

Wexler (1968) did present some results of the estimate of updrafts

through integration of V

to obtain the convergence.

His measurements were

made in a storm of tropical origin moving along the northeast coast of the
United States.

The storm contained spiral band structures as might be ex-

pected of storms of tropical origin and which we have seen might be the case
with west coast storms.

gence to be + 2. 5 x 10

-4

Wexler found that the highest values of the conversec

-1

which are similar to those numbers found in

extratropical storms with relatively light precipitation.
ties were estimated

Vertical veloci-

to be as high as 1 m/sec on the basis of the rain intensity

within the bands.

In summary, a single Doppler radar can be used to great advantage to

study both the horizontal and vertical motions of precipitating particles and
to estimate the convergence and updraft provided that there are not strong
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spatial and time gradients of the motions or if these gradients can be
estimated independently.

One must also be assured that small scale turbu-

lent fluctuations are not strong enough to broaden the spectrum seriously.
The use of the VAD technique or the zenith pointing radar should be ex-

tremely useful in studying large scale storms even though these storms may
have smaller scale cells or spiral bands in them.
2.4

Use of more than one Doppler radar to study the motions of precipitating particles
Difficulties are encountered with the use of a single Doppler radar when

trying to study convective showers or thunderstorms.

Typical spatial extent

of such storms are a few miles and typical local duration ranges from a few

minutes up to an hour or so.

In such storms we essentially violate all of

the assumptions we have made concerning horizontal homogeneity, strong gradients in the wind and vertical motion field, and small scale turbulence.

Some

of these difficulties can be overcome by the use of more than one radar to

study a particular volume of the cloud at the same time.

However, the logistics

of employing more than one radar are difficult and of course the data acqui-

sition rate and processing time increases manyfold.

Some of the data handling

problems are discussed by Lhermitte (1969).
The techniques and principles involved in the use of two and three Dop-

plers is discussed by Lhermitte (1968)

In the two Doppler method the radial

velocity of the scatterers in a given volume is observed from two different
directions as shown in Fig. 9.

In this figure B is the azimuth angle and the

numbers "1" and "2" refer to the individual radars.
If the contribution to the radial velocities due to the particles vertical

motion can be neglected the equations can be solved for V

and a according to:

Fig. 9

Use of two Doppler radars for studying particle
motions in clouds

(From

Lhermdtte.

1968)
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Thus by keeping the elevation angle low (up to 5-10 degrees) one can com-

pletely map the horizontal motion field inside of the lower parts a convective cell.

If the separation of the radars is 10-30 miles this technique

can map the motion field up to 10,000 to 15,000 feet.

Very little data has been obtained by the use of 2 Doppler radars.
Browning et al. (1968) made some studies of a shower in England by employing
one zenith pointing Doppler radar and second Doppler radar located 7. 5 km

approximately downwind from the zenith pointing radar.

The antenna of the

second radar was pointed along the azimuth of the zenith radar and its ele-

vation angle was varied from 1 to

45.

By making assumptions similar to

those made by Battan and Theiss (1968) about the fall velocities of particles they were able to extract

pointing radar.

the

updraft velocity from the vertically

With this information, and the radial velocity from the

second radar, they were able to construct the horizontal and vertical motion
field above the zenith pointing radar.

Then by constructing a height-time

section they were able to map the motion field in a shower.

From the reflec-

tivity they were able to make some inferences about the region of particle

growth in the shower.
The results obtained by Browning et al. clearly show the big advantage
of employing more than one Doppler radar.

They also show some of the problems

involved with the data acquisition rate and logistics.

The logistics involved and the data acquisition rate are again increased
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many-fold if one tries to employ three Doppler radars.
tempted any studies with such a system.

No one has yet at-

A scheme for design of a three

Doppler system along with the equations involved have been worked out by
Lhermitte

(1968, 1969).

The big advantage of the three Doppler system is

that it provides a complete picture of the three dimensional wind field.

Following the scheme outlined by Lhermitte (1969) the three Doppler
system is shown schematically in Fig. 10.

6^, Bg;

and

9^, 6^,

9

In this system V

-L

-

V

g
o

are determined from the radar measurements

unknowns in the three equations are then the wind direction B
o
tal wind speed V

V

The

the horizon-

the fall velocity of the precipitation particles V

the updraft velocity w.

_1_

and

Thus we still have three equations in four unknowns

Lhermitte suggests that this difficulty can be resolved by mapping the three

dimensional field of motion over a large area and estimating w from the di-

vergence equation:
9w
9z

,9U
8x

+

8v.

Sy’

Fig. 10

Use of three Doppler radars for studying particle motions in clouds
Lhermitte, 1968)

(From
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SECTION 3
USE OF DOPPLER RADAR TO STUDY THE TRAJECTORIES OF PRECIPITATION

PARTICLES AND THE FLOW OF AIR OVER THE CASCADES DURING THE
PASSAGE OF A WINTERTIME CYCLONIC STORM
It has already been established that Doppler radar would be an extremely
useful tool in the study of the airflow and particle trajectories over the

Cascade Ridge.

The question now arises as to how many Doppler radars would

be needed to get this information.

We have seen that the Pacific storms do

not have large areas of horizontal uniformity, but probably are made up of

cells or bands whose local duration is about 1-2 hours.

If we assume that

these bands are moving at about 30 miles per hour then their horizontal width

might be 30-60 miles.

Thus one is interested in mapping the three dimensional

field of motion over such an area.

A single zenith pointing Doppler radar will provide some information on
the trajectories of the particles.

Presumably sharp gradients in the vertical

velocity and small scale turbulence would not introduce serious errors

How-

ever, because of the mountains there are probably horizontal gradients in both
the vertical and horizontal components of the wind.

Also the growth mechan-

ism, and hence the trajectories of precipitation particles, may be different
over the Cascades than, say, 10 miles upwind.

This may result in some prob-

lems on the actual positioning of the zenith pointing radar.

Use of a single Doppler radar with a VAD system is a useful tool to determine the horizontal wind component if observations can be made at low elevation angles.

We have seen that the updraft velocity can be estimated by in-

tegrating over 2ir

radians.

However, the presence of mountains introduces two

difficulties in the VAD scheme.
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1.

One would like to locate the radar in the area of maximum conver-

gence and maximum vertical development of the clouds.

This area

is probably somewhere on the windward slopes of the Cascades.
locate the radar in the foothills or in

To

the mountains introduces

limitations on the low elevation angles because of the ground
clutter.

Even with the M33 radar at Enumclaw, which is some dis-

tance from the mountains, the lowest elevation angle from which
useful data could be taken was 5.6.

The ground clutter problem

might be solved by locating the radar on top of a peak on the Cascade Ridge.

However, one is then only able to observe the motions

above the level of the mountains and the low level convergence is

completely missed.

A compromise might be made by locating the

radar on top of one of the foothills or perhaps on Rattlesnake
Peak (elevation 3200 ft.

located 15 miles to the west of the Cas-

cade Ridge.
2.

A second difficulty arises because at least part of the updraft
term originates from forced orographic lifting of the air.

Thus

an estimate of w from the low level convergence will introduce

some errors.

The use of three Doppler radars would certainly give a very good three

dimensional picture of the field of motion.

However, in addition to the lo-

gistic problems and the data handling problems described earlier, the added
difficulties of locating the radars in rugged terrain are introduced.

Also,

both the cost involved and availability of three compatible Doppler radars
enters into the problem.
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It is recommended that a two Doppler scheme similar to that described
by Browning et al. (1968) be employed.

One Doppler should be fixed in posi-

tion and be in a place where it can be "seen" from many directions by a second

Doppler radar.

Such a position might be on top of a prominent foothill 10

to 15 miles to the west of the Cascade Ridge.

The second Doppler would be

mobile and for any particular storm would be located in such a position that
the wind field in the region of convergence and maximum vertical motion can
be mapped.

The actual positioning of the second Doppler radar would prob-

ably depend to some extent on experience with one or two storms

The two

Doppler radar system does not provide useful information on the wind field
along the line of sight between the two radars (Lhermitte, 1969)

It is

suggested that initially the second radar be situated so that the line of

sight between the two radars is approximately parallel to the Cascade Ridge.
The distance between the two radars depends to some extent on the maximum

range of the radars and the region of the cloud to be studied.

Lhermitte

(1968) suggests that the optimum distance might be on the order of 20 to 60
km.
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APPENDIX

C
C

2

PUFFT VERSION 09/03/68
THIS IS A PROGRAM TO COMPUTE THE POWER RETURNED FROM THE M33
RADAR AGC DATA. THE SIGNAL IS NORMALIZED TO A RANGE OF 1000 YDS.
DIMENSION ORD(100),RANGE(100),HEIGHT(100),DSTNCE(100),DBM(100) ,PR(
1100),PRN(100)

50
1

2

READ(5,1)DATE,TIME,AZANG,ELANG
FORMAT(2110,2F10.0)
WRITE(6,2)DATE,TIME,AZANG,ELANG

FORMAT(1H1,5X,4HDATE,6X,4HTIME,5X,5HAZANG,5X,5HELANG/2110,2F10.2//
15X,15HRANGE YARDS
,5X,15HHEIGHT YARDS
,5X,15HDSTNCE YARDS
25X.5HDBM ,5X,10HPR WATTS ,10HPRN WATTS //)

51
3

READ(5,3)N,(ORD(I) ,I=1^N)
FORMAT(12/(40F2.0) )
DO 751=1,N

RANGE(I)=500.*FLOAT(I)
IF(ORD(I) .LE.46.0)GO TO 10
IF(ORD(I) .LE.66.0)GO TO 11
IF(ORD(I) .LE. 82.0)GO TO 12
DBM(I)=(16./6. )*(ORD(I))-268.
GO TO 70
10
11

DBM(I)=(16./46. )A(ORD(I) )-100.
GO TO 70
bBM(I)=(13./20. )A(ORD(I))-114.
GO TO 70

12
70

DBM(I)=(20./16. )*(ORD(I))-153.
PR(I)+10.AA((DBM(I)/10. )/(10.A*3. )
PRN( I )= (PR( I) )A(RANGE( I )’’"’’2. /1000 ’’"’’2
HEIGHT(I)=(RANGE(I) )ASIN(3.1416/180.AELANG)

DSTNCE(I)=(RANGE(I))ACOS(3.1416/180.AELANG)
75

CONTINUE

WRITE(6,80)(RANGE(I),HEIGHT(I),DSTNCE(I),DBM(I),PR(I),PR(I) ,PRN(I) ,I=1,N
80

FORMAT(3F20.2,F10.1,2E10.2)
TO TO 50

END

AAQAA

EXECUTION
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