
Characteristics of Summer Radar Echoes in Arizona, 1956

Item Type text; Report

Authors Ackerman, Bernice

Publisher Institute of Atmospheric Physics, University of Arizona (Tucson,
AZ)

Rights Public Domain: This material has been identified as being free of
known restrictions under U.S. copyright law, including all related
and neighboring rights.

Download date 24/05/2023 20:36:42

Item License http://creativecommons.org/publicdomain/mark/1.0/

Link to Item http://hdl.handle.net/10150/634456

http://creativecommons.org/publicdomain/mark/1.0/
http://hdl.handle.net/10150/634456


( 
I 

THE UNIVERSITY OF ARIZONA 

INSTITUTE OF ATMOSPHERIC PHYSICS 

SCIENTIFIC REPORT NO. 11 

CHARACTERISTICS OF SUMMER 

RADAR ECHOES IN ARIZONA, 1956* 

Bernice Ackerman 

Tucson, Arizona 

July 8, 1959 

* The research reported in this document was initiated while 
the author was on leave from the University of Chicago to The 
University of Arizona, 

Part of the research was sponsored by the Geophysics 
Research Directorate of the Air Force Cambridge Research Center 
under contract AF 19 (604)-1931 with the University of Chicago. 



( 

PREFACE 

This report describes an investigation of the radar data 

obtained during the summer of 1956. Descriptions of the evalua

tion and analysis techniques, of the basic data and of the 

findings of this study are given in considerable detail. For 

the convenience of the more casual reader, all discussion and 

a summary of the findings are contained in sections VI and VII. 
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I. INTRODUCTION. 

CHARACTERISTICS OF SUMMER RAD.AR ECHOES: 
.ARIZONA, 1956 

B. Ackerman 

In a program designed to study the physics of arid region clouds the 
Institute of Atmospheric Physics of The University of Arizona has made 
extensive use of a three-cm wave length, height-finding radar (the AN/TPS 10) 
based at the university campus in Tucson. For a number of years the radar 
has been operated during the summer rainy season on an almost continuous 
basis. This report details an analysis of data collected in the summer of 
1956. 

The general research objectives adopted at the start of the program 
involved a study of echo formation and history a) to determine if the echo 
features described by Braham (4) were generally characteristic of the Tucson 
area, b) to study the location of echo formation, propagation, and movement 
with respect to areal and interdiurnal variations. In addition it was decided 
to make a data search for phenomena, both common and unusual, which, with 
further study, might lead to a better understanding of precipitation 
characteristics of an arid and mountainous region. To best realize these 
objectives, it was desirable to examine a large amount of data, which in 
turn necessitated the use of a statistical or grouped-data approach in 
much of the analysis, 

Due to the tedious nature of the data reduction, the analysis was 
restricted to seven days of convective activity. Where the data permitted, 
these were chosen at intervals of approximately three to four days in order 
to distribute the echo sample throughout the rainy season. In Figure 1 are 
shown the times for which data were available and those used in the analysis. 

During most periods of convective activity the radar was operated on 
360 deg azimuth scan (search). However, when more detailed information was 
desired about a particular region of activity, azimuthal scanning was 
restricted to the sector of interest (sector-scan) and one 360 deg scan made 
every half hour. The transmitted power was 47 db during search operations 
and 43 db during sector scanning, Minimum detectable returned power was 
maintained at -79 db at all times. A permanent record of the radar intelli
gence was obtained by using an 0-15 camera to automatically photograph the 
scope about every two degrees of azimuth. 

In the evaluation of the data, every frame of the film record was 
examined. All echoes within the annulus 10 to 60 miles of Tucson (the 
effective range of the radar) were identified and followed through succes
sive scans until they no longer appeared. The first appearance of an echo 
was verified by the examination of the previous scan and the elapsed time 
between the two scans was noted. Similarly, the elapsed time between the 
last appearance of the echo and the following scan was recorded. The 
measurements consisted of the azimuths and ranges of the echo cloud and the 
heights of the echo's top and base. In addition, subjective evaluation of 
intensity and notations of distinctive and unusual echo characteristics were 
made. 
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The time definition for a given echo was dictated by the azimuthal scan 
rate: three minutes during search operations; one to two minutes during 
sector-scan operations. The range definition was approximately one-half 
mile. The accuracy of the height measurements was about 1000 ft. except for 
measurements of the height of the bases of a few echoes. The lower portions 
of some echoes may have gone undetected, because terrain features in the 
vicinity of Tucson (Figure 2) block portions of the region under investiga
tion from illumination by the radar beam. All base height measurements were 
checked against the calculated height of the shadow at the location of the 
echo (see Appendix I). Cases where the two heights coincided are usually 
indicated in the figures. In all phases of the analysis the results were 
examined for bias due to the inclusion of these cases and the bias found to 
be negligible because of the small fraction of the total sample in doubt. 

An estimate of the maximum capability of the radar is given in Figure 3, 
showing minimum water-drop sizes detectable, as a function of transmitted 
power, range, and water-content. These minimum drop sizes were calculated 
from basic radar theory (see Appendix II). It is evident that the echoes 
under investigation were from areas containing drops of precipitation 
size, i.e., larger than 300 to 500 microns. 

In a study involving grouped data it is desirable to have large samples 
with the maximum amount of homogeneity within a given sample. Three artifi
cial variables were introduced into the data due to the method of collection: 
range from the observation point, transmitted power, and areal coverage. 
The bias introduced by each of these variables merits consideration and is 
discussed below. 

The data themselves appear to justify the inclusion of echoes detected 
at all ranges in a single group. In Table 1 are given the frequencies with 
which first echoes were detected and the mean heights of the tops of the 
first echoes as a function of range from the radar set. There is little evi
dence of a consistent variation in frequency, or height, with range, or of a 
correlation between range and echo frequency, or between range and height. 

TABLE 1. 

Frequency and average top heights of first echoes detected at various ranges 
from the radar. Frequencies (N) for annular rings 10 miles wide, normalized 
(N*) to area of annulus from 30 to 40 mile range. (Data collected during 
search operations only.) 

N 

N* (1) 

10-20 

23 

54 

Av. top ht • 21.1 
(1000 ft.) 

20-30 

38 

53 

21.3 

Range (miles) 

30-40 40-50 50-60 

55 83 90 

55 65 57 

21.7 21.0 21.9 

(1) 
N* = Number per 22 sq. mi., the area in the annular ring from 30 to 40 
miles from radar set. 
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The effect of variable transmitted power on the observed frequency and 
heights of first echoes can be deduced only indirectly. For all other 
factors equal, the drop size of minimum detectability at a transmitted power 
of 43 db is roughly 35 percent greater than that at 47 db (Figure 3), The 
time necessary for a drop to grow by coalescence from 300 to 400 microns, or 
from 600 to 800 microns (8) is less than the time resolution of the search 
operations, for which Pt was always 47 db. Consequently, one must expect 
that almost all of the first echoes detected with Pt=47 db contained drops 
of sizes detectable at Pt= 43 db. 

Echo-contour studies made by others (1; 9) indicate that, in convective 
clouds, the difference in the height of an echo detected with Pt~ 43 db 
and that detected with Pt= 47 db would be less than 1000 ft., the resolution 
in the height measurements. Therefore, the variation in the transmitted 
power should not cause incompatability in the height measurements any 
greater than that introduced by the limitations of the radar and recording 
system. 

Both of these considerations indicate that inclusion of echoes detected 
at both power levels in a single group is justified. Since the calculated 
capability for a transmitted power of 43 db differs from that for Pt=47 db 
by an amount equivalent to a 37 percent reduction in range, the data them
selves support this conclusion (Table 1). 

The third artificial variable occurs because of the variation in 
azimuthal scanning procedure. When the radar was operated so as to scan 
360 deg of azimuth, all echoes within the effective range of Tucson were 
detected. During sector-scan operation, the observations were confined to 
restricted areas, chosen by the controller presumably because of greater 
cloud activity. For this reason, data so collected may be biased toward 
more active clouds. This is believed to be the reason for the higher mean 
heights of first echoes sometimes detected during sector-scan operations 
(Table 2). 

TABLE 2. 

Average heights (1000 ft.) of the tops and bases of first echoes 
during Search (Pt=47 db) and Sector-scan (Pt=43 db) operations. 
dates shown are the only days used in the analysis on which both 
procedures were followed. 

Number 

Av. top ht. 

Av. base ht. 

7/27 

Se 

26 

23.5 

14.7 

ss 
11 

25.9 

17.3 

Se 

30 

19.3 

11.0 

8/1 

ss 

37 

21.2 

13.0 

8/17 

Se 

21.7 

15.2 

detected 
The three 
operational 

ss 

33 

21.3 

13.4 
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During the initial stages of analysis, the data for the two tYJ;les of 
scanning operations were considered separately. Whenever the sector- scan 
data were well distributed in all intervals of the independent variable 
under consideration (e.g., terrain heights) and the relationships were 
found to be the same for the two sub-samples, so only the combined sample is 
presented in this report. The combined sample must be considered as 
containing some small degree of bias toward active clouds. 

In general the data were quite good. However, occasionally opera
tional instability was indicated by fluctuations in the size of the scope 
presentation or erroneous placement of permanent echoes. These failures 
are discussed in Appendix III, in which are also given details of a height 
calibration check made using the B-17 airplane. 

II. CHARACTERISTICS OF NEW ECHO DEVELOPMENI' • 

Some idea of the natural initiation of rain in clouds may be obtained 
from a study of "first" or "initial" echoes, i.e., echo clouds at the time 
they are first detected by the radar. 

A. Altitude and Temperature of First Echoes. The natural variability 
in clouds, noted by many investigators in the past, is characteristic also 
of cloud echoes. At the time of first appearance, echo clouds had tops and 
bases at heights varying through 20,000 ft. and the vertical thicknesses, 
or depths, of these first echoes had variations of similar magnitude. 

Although similar in width, the frequency distributions of first echo 
tops, bases, and thicknesses are of entirely different forms (Figures 4 
and 5). The distribution of vertical thicknesses is skewed; echoes of 
small vertical depths occurred with highest frequency (60 percent had 
thicknesses between 4000 and 10,000 ft.). The heights of the tops of the 
first echoes were distributed in a nearly Gaussian manner; with 50 percent 
of the cases falling in the modal interval from 20,000 to 24,ooo ft. and 
close correspondence between modal and mean values. On the other hand, the 
distribution of first echo bases is bimodal, indicating that the bases 
tended to occur at two preferred levels, one at 10,000 ft., and the other 
at 18,000 ft. (Although cases in which echo bases corresponded to the height 
of the terrain shadow are included in this distribution, the bias thus 
introduced was minor and was not the source of the bimodality.) 

When first detected, almost all of the echo clouds had tops above the 
freezing level (Figure 6). However, less than half were entirely above 
this level; about 57 percent of the first echoes had bases at temperatures 
well above zero degrees (Figure 6). As would be expected from the distri
bution of base heights, the distribution of base temperatures shows high 
incidence at two specific levels; the lower one at 14 deg above zero 
(about 6000 ft. below the freezing level), and the upper one a few degrees 
below zero (about 2000 ft. above the freezing level). 

B. The Effect of Terrain on New Echo Development. The area in the 
vicinity of Tucson varies in topography from 2000 to over 9000 ft. in 
height. Characteristic of the clouds in this area is their association with 
the mountains. In Table 3 are shown the frequency and average height of 
precipitation formation as a function of the height of the underlying terrain. 
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Slightly over one-half of the land within 60 miles of Tucson lies be
tween 3000 and 5000 ft. MSL and, not too surprisingly, new echoes formed 
with highest frequency (64 percent of total) over this terrain. Only 11 
percent of the area lies over 5000 ft. MSL, but 28 percent of the echoes 
formed over such lands, a much higher fraction than might be expected frcm 
the percentage of the total area these mountainous regions represent. In 
contrast, only 8.5 percent of the new echo clouds developed over the valley 
lands (less than 3000 ft. MSL) although 35 percent of the land is so classi
fied. Per unit area, the frequency of echo development over mountain lands 
was more than eight times that over the low valley lands and better than 
twice that over the transitional terrain. 

TABLE 3. 

The influence of topography on the frequency and height of echo formation. 
(Search and Sector-scan operations; N = 375) 

Terrain 
height 
(ft-MSL) 

1000-1999 

2000-2999 

3000-3999 

4000-4999 

5000-5999 

~ 6000 

Fraction of Fraction of 
total area first echoes 

(percent) (percent) 

8.9 0 

26.1 8.5 

28.8 28.2 

25.3 35.6 

8.2 19.2 

2.7 8.5 

Normalized 
frequency 

(col. 2 + col. 1) 

0 

0.3 

1.0 

1.4 

2.3 

3.1 

* Observations of top heights numbered only 370; the 
extended to the edge of the scope presentation. 

Average height of echo 
Top* Base 

(1000 ft) 

20.6 12.7 

21.7 13.5 

21.9 13.9 

20.8 13.2 

22.0 15.4 

remaining five echoes 

On the average, echo clouds formed at slightly lower levels over the 
valleys than elsewhere (Table 3). However, the frequency distributions in 
Figure 7 indicate that the influence of topography on the level of formation 
either is only minor or is largely masked by variations caused by other 
factors. Since the distributions of echo base heights are bimodal for all 
types of underlying terrain, one may conclude that the preferred level for 
first echo bases, commented upon above, was not dictated by topography. 

C. The Influence of Existing Clouds on New Echo Development • Over the 
past few years there has been a growing realization of the role that 
existing clouds may play in development of new clouds in their vicinity. It 
has been speculated that this influence may either come about as a result of 
the modification of the environment or by actual seeding of lower level 
clouds with incipient water or ice particles. 
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Since the data were confined to radar observations, the study of 
existing cloud influence on precipitation formation was necessarily con
fined to "rain" clouds. New echoes occurring close to the effective range 
limits of the radar (10 and 60 miles) could not be used in this study because 
of lack of information as to what echoes lay beyond. Therefore the sample 
is reduced to 346 first echoes. 

It is evident from Table 4 that new echoes tended to develop close to 
pre-existing echoes. For search data the frequency of new echo formation 
decreases by a factor of about two for every mile of separation from another 
cloud. Since at any given time echoes covered only a small fraction of the 
area under study, the relatively high frequency of echo formation more than 
five miles from another cloud is not unreasonable. The relative frequency 
of new echoes within one mile of another cloud is greater in the sector
scan than in the search data. This suggests that new echoes tend to form in 
the region of the more active, older clouds, although it simply may be a 
reflection of the fact that smaller total areas were under study. 

Pre-existing rain clouds seem to have some limited influence on the 
heights at which echoes first form. In Table 4 are also given the average 
heights of first echoes occurring at various distances from pre-existing 
clouds. The tops of tirst echoes within one mile of older clouds were on 
the average 1500 to 2000 ft. higher than the "isolated" ones more than five 
miles distant from other rain clouds. The echo bases also seem to decrease 
in height with distance from pre-existing echoes, although in not so 
consistent a manner as do the tops. In interpreting the data from Table 4, 
it must be realized that, because of the variability in the echoes making 
up the various groups, the average heights have only limited significance and 
the trends must be considered as merely suggesting a possible effect of pre
existing echoes on later ones. 

TABLE 4. 

Associ~tion between precipitation formation and existing echoes. 

Distance Search Operations Sector-scan Operations 
to closest No. of Av. Height No. of Av. Height 

existing echo first Top Base first Top Base 
{miles) echoes (1000 ft.) echoes (1000 ft.) 

< 1 104 22.0 13.9 48 22.3 14.o 

1.1- 2 59 21.7 14.4 10 20.8 11.9 

2.1 3 28 21.5 14.o 5 20.2 12.8 

3.1 - 4 11 21.3 14.4 3 20.3 15.0 

4.1 - 5 17 19.7 13.4 1 22.0 12.0 

? 5 52 20.6 12.0 8 20.4 12.6 
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III. ECHO HISTORIES - THE GROWTH, MOVEMEI-i"T, AND DURATION OF ECHO CLOUDS. 

The study of echo histories was seriously hampered by the relatively 
small numbers of echoes that could be followed from first detection to last 
appearance without break in continuity. For about 60 percent of the first 
echoes, life cycle data were incomplete because a) breaks occurred in the film 
record, b) adjacent clouds merged (either a natural phenomenon or an artifi
cial one due to lack of space definition in the observations), c) observation 
or evaluation was discontinued, or d) the areal scanning procedure was changed 
in such a way as to exclude an echo while it was still in existence. It has 
been possible to use some of these inccmplete histories in various phases of 
the study; e.g., a break in film record, if not too long, does not hamper a 
study of echo duration or movement. 

Aggregates formed through merger between individual echoes were not 
included in the analysis. This tends to confine the sample to smaller 
clouds, although some multicellular echoes are included (i.e., those which 
formed from new cell developments immediately adjacent to the original unit). 

A. Echo Growth. Echo growth, as used herein, refers to the difference 
between the maximum height reached by the top of an echo cloud and the 
height of the top at the time it was first detected. The study covered two 
groups of echoes. Group I included echoes for which data were available 
throughout their live cycle, and, in addition, those which a) had reached 
maximum height and were descending before the break in continuity occurred, 
or b) had reached a maximum height equal to or greater than that of the 
aggregate of which it later became a part through merger. Group II is 
composed of echoes which may have reached their maximum heights during film 
breaks, after having merged with other clouds, or after the evaluation or 
observation was discontinued. For group II the observed amount of growth 
is a minimum estimate - the actual amount possibly having been greater. 

There were 188 echoes in group I and 118 in group II. In Figure 8 are 
shown the amounts that the echoes grew for each group. For the sample as a 
whole (306 echo clouds) just under one-half did not grow at all. Of those 
echoes that did grow, about 20 percent were within 1000 ft. of their maximum 
height at first observation, and only about a third (17 percent of the total 
sample) grew more than 5000 ft. For clouds which grew the average increase 
in the height of the top of the echo was 4700 ft. Admittedly these estimates 
of growth are conservative because of the inclusion of cases of partial 
history. However, a check of the maximum heights reached by aggregates 
supports the conclusion of comparatively little growth for the echoes in 
this region. 

In Table 5 are shown the fraction of echoes that grew, and the average 
growth, for echoes forming at various distances from older rain clouds. 
Although the differences are not great, echoes forming close to older clouds 
were more apt to experience some growth than were those forming in relatively 
clear areas. In addition, the percentage growing more than 5000 ft. was 
larger for the former than the latter, a fact illustrated also by the 
average growth amounts given in the last column. 

The data are less specific for variation in echo growth as a function 
of underlying terrain at the time of first appearance (Table 6). The frac
tion of clouds that grew was slightly larger for echoes forming in the 
valleys than for those forming in the higher regions. However, on the average, 
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TABLE 5. 

Association between growth of echo and distance to existing echo at time of 
formation. (Search and Sector-scan data; groups I and II.) 

Percent of 
Distance to closest echoes that grew Average 

existing echo at time No. of at least more than growth* 
of formation (mi) cases 1000 ft. 5000 ft. (1000 ft.) 

~ 1 123 63 21 4.6 

1.1 - 3 86 52 23 4.5 

3.1 - 5 28 36 11 4.o 

> 5 51 46 4 3.5 

* For echoes which grew. 

TABLE 6. 

Association between underlying terrain at time of first formation and subse
quent echo growth. (Search and Sector-scan data; groups I and II.) 

* 

Terrain height 
(ft .-MSL) 

< 3000 

3000-5000 

> 5000 

For echoes which grew. 

No. of 
cases 

4o 

202 

64 

Percent of 
echoes that grew 

at least more than 
1000 ft. 5000 ft. 

62 

52 

53 

17 

19 

11 

Average 
growth* 

(1000 ft.) 

4.3 

5.0 

4.o 
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the amount an echo grew was about the same for valley and mountain clouds. 

B. Duration of Radar Echoes. The time between the first and final radar 
detection was considered indicative of the life span of a precipitation area. 
Because of the time involved in the azimuthal scanning cycle, echo durations 
so defined may be too short by amounts ranging up to six minutes. 

Echoes studied during unrestricted azimuth scans had an average dura
tion of about 17 minutes. Two-thirds of these had life spans of 18 minutes 
or less and 77 percent lasted 24 minutes or less (Figure 9). Echo clouds 
which continued for more than 36 minutes represented less than one-tenth of 
the number studied. 

Echoes in active convective regions studied during sector-scan opera
tions had a somewhat longer average lifetime, 21.6 minutes, mainly by virtue 
of a small increase in the relative number which lasted upwards of three
quarters of an hour (Figure 9). However, there was still a preponderance of 
echoes with lifetimes of less than 24 minutes (71 percent of the total 
sample). 

Since aggregates formed when two or more echoes merged were not included 
in this tabulation these estimates of life span may be more representative 
of individual echo units than of precipitation areas. However, the sample 
does include some multicellular cases. Although there was no attempt during 
the data reduction to determine if a precipitation area was a single unit or 
composed of several cells, many echoes were indicated to be multicellular by 
fluctuations in base and top heights and rapid areal expansion. Because of 
poor space resolution it was difficult to break these into individual units, 
and they have been included in the sample as single echoes. 

Many of the echoes with life spans of over 18 minutes were obvious 
multicellular area, the longer the duration, the larger the fraction of 
echoes composed of more than one cell. Of those having durations of more 
than 30 minutes, 80 percent were multicellular, and of those lasting more 
than 36 minutes all but one were clearly so. No multicellular cases were 
indicated for echoes lasting 15 minutes or less, although it is quite 
possible that some may have been. The data therefore suggest a duration of 
15 minutes or less for single unit echoes. 

There is little evidence that location at the time of formation, with 
respect to underlying terrain at least, had much influence on the duration 
of echoes (Table 7) . What variations there are are much too small to be 
significant. 

The lifetime of echoes forming with varying degrees of proximity to 
existing rain cores increases slightly (on the average) with increasing 
distance (Table 8). For echoes forming more than three miles from existing 
clouds, the tabulation shows greater relative frequency of cases lasting 
more than 36 minutes. All of these long-lived echoes were multicellular 
units. The differences between the samples are not statistically significant 
and at best may be considered only as suggestions of influence by older 
clouds. 
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TABLE 7. 

Frequency distribution showing duration of echo cloud as a function of 
underlying terrain at the time the echo was first detected. Frequency 
given as percent of echoes in terrain group. (Search data only) 

Du.ration 
(minutes) 

S 12 

12-24 

24-36 

36-48 

> 48 

No. of echoes 

Av. duration 

!::3 

52% 

24 

12 

8 

4 

25 

16.4 

Terrain 

TABLE 8. 

(1000 ft. MSL) 
3-5 

41% 

36 

16 

5 

2 

100 

16.8 

>5 

47% 

31 

14 

6 

3 

17.2 

Frequency distribution showing duration of echo clouds which formed with 
varying degrees of proximity to existing rain clouds. Frequency given as 
percent of echoes in distance group. (Search data only) 

Duration Distance to existing echo at time of formation 
(minutes) ~l 1-3 >3 

~ 12 45% 40% 43% 

12-24 39 35 28 

24-36 9 21 15 

36-48 2 5 10 

> 48 4 0 3 

No. of echoes 44 43 60 

Av. duration 15.5 17.4 18.5 

(mi) 
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C . Echo Movement • The amount an echo moved was determined by tracking 
the center of the echo area for each radar scan. Consequently the echo move
ment includes both translational and propagational components. Only the total 
amounts of movement of echo areas will be discussed in this section. Other 
aspects of echo motion will be treated in a later section. 

In Figure 10 are shown the amounts echoes moved subsequent to their 
first detection. Included in the sample are only those cases for which data 
existed throughout their life cycles. It is evident that the echo clouds 
moved very little. The maximum amount of movement was six miles, and about 
40 percent of the samples moved one mile or less. 

Since aggregates formed by the merger of two or more echoes are not 
included, the representativeness of the tabulation may be in question. How
ever, examination of such aggregates shows that despite fairly long duration, 
the apparent movement of an aggregate as a whole was usually small • This 
was due mainly to the large number of changes in the echo area as additional 
echo clouds merged with the aggregate, new portions developed, and older 
ones dissipated. 

N. DAY TO DAY VARIATION IN ECHO CHARACTERSITICS AND PATTERNS. 

In a subtropical, mountainous region, local effects are believed to be 
of major importance in the development of convective precipitation. How
ever, the large day-to-day differences found by Braham in the 1955 radar 
data (4) demonstrate that these local effects must be studied within the 
framework of the macro-scale or synoptic weather features. The importance 
of certain macro-scale weather features in determining the occurrence of 
convective precipitation has been shown in other studies (6;10). It is the 
variation in the precipitation characteristics for days on which these 
weather features are favorable that was the subject of the 1955 data (op. 
cit.) and of the 1956 data discussed here. 

A. Heights and Temperatures of First Echoes. The daily average of the 
heights of the tops of first echoes varied over a range of 4000 ft. (6 deg); 
those of the base heights varied over a range of about 5500 ft. (9 deg). 
When plotted chronologically (Figure 11) the daily averages suggest a cyclic 
change in the level of echo formation with time scale common to synoptic 
weather features. Lacking information as to the characteristics of the 
intervening days it is a matter of conjecture as to whether such a cyclic 
pattern actually existed. It is quite evident, however, that the height of 
echo formation did not increase or decrease progressively from the start to 
the end of the so-called "monsoon" season. Moreover, the level of echo 
formation does not appear to be related to the height of the freezing level. 

In Figure 12 are shown the frequency distributions of the temperatures 
at the tops and bases of first echoes for each of the days studied. On a 
given day the heights at which individual echoes formed varied considerably; 
the daily distributions are not much narrower than the distribution for the 
whole sample (Figure 6). 

There are, of course, day-to-day differences. The differences in the 
temperatures at the tops of the first echoes appear as relatively small 
shifts in the frequency distributions and their modal values. There is also 
a "spreading out 11 of the freq_uency distributions toward lower temperatures on 
"cold 11 days. 
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The temperatures or heights of the first echo bases were more specific 
for a given day than were the top heights (Figure 12). In fact, much of the 
bimodality in the distributions for the whole sample (Figures 4 and 6) appears 
to have been due to interdiurnal variations. On some days the bases of first 
echoes occurred predominately at a level with temperature a few degrees below 
freezing (e.g., July 24 and August 17). On others the bases of most of the 
first echoes were very low - at levels with temperatures 12 to 16 degrees 
above zero. The occurrence of echo bases with high frequency at both levels 
on July 20, and the apparent absence of a specific level for echo bases on 
July 27, indicate that the set of circumstances which tends to specify base 
levels may take on several configurations. 

B. The Influence of Existing Echoes and Underlying Terrain on Echo 
Formation. The tendency for new echoes to form close to older rain clouds, 
demonstrated above, was far more pronounced on some days than on others (Table 
9). The fraction of new echoes on a given day which formed one mile or less 
from older ones varied by a factor of four. This variation was not related 
to the total amount of activity on a given day. Although the activity was 
much greater on August 17 than on August 13 (66 new echoes in about an hour 
and a half as compared to 21 echoes in about three hours) a considerably 
smaller fraction of new echoes formed close to older ones. 

TABLE 9 • 

Daily variation in the frequency of echoes forming close to existing ones. 
Frequencies expressed as percent of first echoes on a given day. (Search 
data only) 

Percent of new echoes forming with 
an existing echo at a distance of 

Date N ~ l mile ~ 3 miles 

Jul 20 70 29 69 

Jul 24 29 41 75 

Jul 27 24 16 49 

Aug 1 29 31 55 

Aug 13 21 62 95 

Aug 17 66 41 65 

Aug 24 32 59 93 
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The relationship between new echo formation and underlying terrain also 
showed some variation from day to day. There was, in general, low incidence 
of echoes over the valleys and (with the exception of July 27) a higher 
frequency, per unit area, of new echoes over the mountains than over the 
other two terrain classifications (Table 10). Nevertheless, the mountain 
"control" of new echo formation was quite evidently less on July 20 and 27 
than on July 24 and August 13 . 

The relationship between the formation of new echoes and various 
terrain features will be discussed further in a later section of this paper. 

TABLE 10. 

Daily variation in the frequency of new echoes forming over lands of 
variable height. Frequencies expressed as percent of observed first 
echoes on given day. (Search data only) 

Date 

Jul 20 

Jul 24 

Jul 27 

Aug 1 

Aug 13 

Aug 17 

Aug 24 

N 

81 

31 

26 

30 

26 

69 

32 

< 3000 

19% 

0 

8 

3 

0 

9 

6 

Terrain (ft.-MSL) 
3000-4999 

59% 

52 

77 

63 

54 

52 

59 

~ 5000 

22% 

48 

15 

33 

46 

39 

34 

C. Echo Histories. There were also minor interdiurnal differences in 
the character of the echo histories. Because of the generally small numbers 
of clouds which cloud be used for studies of this nature, the significance 
of these small differences is questionable. 

Perhaps the largest differences occurred in the life span of individual 
echoes. As can be seen from Table 11, average durations varied from about 
8 minutes to more than 20 minutes. At least three of the days were charac
terized by the short life spans, with over 50 percent of the sample having 
durations of 12 minutes or less. On the other days much larger fractions of 
the echoes had life spans of more than 36 minutes (usually with decrease in 
the number having durations of less than 12 minutes), and/or there was a 
shift in the modal value to larger durations. 



( 

-14-

TABLE 11. 

Daily variation in echo durations. Frequencies given as percent of echoes 
on a given day. (Search data only) 

Duration Dates 
(minutes) 7/20 7/24 7/27 8/1 8/13 8/17 8/24 

5. 12 52% 16% 57% 35% 26% 46% 89% 

12-24 30 53 29 29 53 26 11 

24-36 16 26 14 12 5 18 0 

36-48 2 5 0 18 5 8 0 

> 48 0 0 0 6 10 3 0 

No. of cases 44 19 14 17 19 39 9 

Av. duration 13.9 20.1 13 .4 19.7 21.2 18.4 7.7 

The differences in growth properties are quite small (Table 12). The 
probability of an echo growing more than 1000 ft. was considerably smaller 
on July 20 than on other days. It is of interest to note at this point that 
on July 20 the new echoes formed at lower levels than was true for most of 
the other days. Consequently, the maximum heights reached must also have 
been less than on other days. 

In Table 13 are given the averages of total echo movement and speed of 
echo movement for six of the seven days. (August 24 is not listed because 
there were so few cases with complete life histories.) The average speeds 
given in the table were derived for all first echoes detected on more than 
two radar scans, whether or not data were available for the entire life 
cycles. The speed with which echoes moved was of the same magnitude for all 
days but nevertheless show real differences between some of the days and 
others. This parameter will be discussed in greater detail in the next 
section. Because of its dependence on echo speed and duration, the total 
movement would be expected to show day-to-day differences also. Despite 
the small average total echo movement on all days, these day-to-day 
differences do appear. 
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TABLE 12. 

Echo growth on individual days. Frequencies given as percent of echoes on 
given day. (Search operations only; groups I and II - see text.) 

Percent of echoes that grew Aver.age 
at least more than growth* Sample 

Date Si.ze 1000 ft. 1000 ft. 5000 ft. (1000 ft.) 

Jul 20 63 49 29 13 3.5 

Jul 24 28 57 50 18 5.1 

Jul 27 19 53 47 26 6.2 

Aug 1 24 62 54 17 5.0 

Aug 13 25 52 44 20 4.8 

Aug 17 57 53 39 11 3.7 

Aug 24 26 65 58 23 4.5 

All dates 242 55 43 16 4.4 

* For echoes which grew. 

TABLE 13. 

Daily averages of the amounts echoes moved between first and final radar 
detection, and average speed of movement of all first echoes. 

Total Movement Av. Speed* 
Date N Average (mi) (mph) 

Jul 20 41 1.4 8 

Jul 24 16 2.2 8 

Jul 27 11 2.4 12 

Aug 1 15 2.0 7 

Aug 13 17 1.8 8 

Aug 17 26 1.1 6 

* Average speeds determined using all first echoes - whether or not life 
history was complete. 
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V. LOCATION OF PRECIPITATION AREAS, THEIR MOVEMENr .AND PROPAGATION. 

There are several distinctive mountain ranges around Tucson, most of 
which are fairly well outlined by the 5000 ft. contour (Figure 2). Visual 
observations indicate that a) clouds tend to form over these mountain ranges 
and move, or propagate, toward the valleys and b) the major convective activity 
is associated with different mountain systems on different days. One of the 
most interesting phases of this study dealt with the association between the 
mountain systems and the location, movement, and propagation of the precipita
tion areas as detected by the radar. 

A. Movement of Precipitation Areas. It has already been seen that 
the total distance covered by an echo during its life span was usually too 
small for an echo forming over the mountains to move over the valley. It 
is still to be seen whether the mountain ranges influenced the direction 
of echo motion, specifically in a manner such that the motion was frcm 
mountain toward valley. 

The tracks of all echo clouds detected by the radar during the time 
periods studied are shown in Figures 13a tog. An echo track was determined 
from the consecutive positions of the center of the plan-view of the echo 
cloud and therefore includes apparent motion due to propagation as well as 
pure translation. 

The paths of some of the echo areas, particularly those representing a 
complex of cells, were quite erratic. Most cases of such erratic behavior, 
and some of the variation in echo movement on a given day, are believed to 
be due mainly to new echo development or dissipation on the edges of echoes, 
mergers between clouds, and the influence of adjacent clouds. The crudeness 
of the basic data and of the evaluation methods could also explain scme of 
the variation. 

Although sometimes the high incidence of aggregates tends to mask the 
general pattern of echo motion, it is quite clear from Figures 13a tog 
that on any given day most of the echoes, or at least most single-unit 
echoes, moved in the same direction. This "characterstic" direction varies 
considerably from day to day. The predominant direction in which echoes 
moved was southeasterly on July 20, scmewhat to the E of SE on August 1 and 
a little S of SE on August 24. On July 27 and August 13 the echoes generally 
moved toward the Nor NNE while on July 24 and August 17 the motion was to 
the W and SW. 

The regular Tucson wind observations for these days are plotted in Figure 
14; line boxes indicating the observation times and the heights of the echoes 
supply a frame of reference. The agreement between the direction of echo 
movement and the prevailing wind in the cloud layer is quite evident; the 
echo clouds generally moved in the same direction as the air in which they 
were imbedded. Variation in the direction of echo movement is understandable, 
considering the time and height variations in the winds, and the ranges of 
the heights and times of the echoes in a sample. Upon examination of the 
individual wind ccmponents, what appears to be poor agreement between echo 
movement and mean winds on August 17 and August 24 leads one to question how 
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well the mean wind represents the air flow in a deep vertical layer as much 
as how well the echo clouds followed the air flow. 

The average echo speeds (on a given day within three knots of the 
extremes) were usually pretty close to the average wind speeds in the cloud 
layers. Only on August 1 and August 13 do the data suggest that most of the 
precipitation areas were moving with a speed different from that of the 
clear air, on the former day more slowly, on the latter a little more rapidly. 

No universal movement from mountain to valley can be seen in Figures 
13a tog. In fact, on most days there is evidence of some echo movement 
counter to the gradient of the terrain; e.g., in the echo tracks just to the 
east of the Catalinas on July 24. Such cases are, of course, in the minority, 
but their existence indicates that the mountains do not directly influence 
the direction in which clouds move. 

Nevertheless echo tracks which show motion directed from mountain to 
valley are the most common type. Almost all such tracks are for echoes 
occurring on the downstream side of the mountain system. On those days on 
which the echo motion is primarily from mountain range to valley (e.g., 
July 27), the majority of the echoes emanated from the downstream side of 
the mountain system. 

It is not intended to deny the existence of some mountain influence on 
the movement of clouds or of the possibility that it may cause deformation 
in the horizontal air flow. In fact, there were cases in which an echo 
appeared to move parallel to a contour, or to move almost perpendicular to 
the contours from high to low elevation, causing the direction of the track 
to differ somewhat from that of most of the other echoes. However, the data 
indicate that these must be small-scale effects causing relatively small 
angular deflections. Neither the data nor the methods of evaluation are 
well adapted to studies of small-scale effects. 

Although somewhat of a digression, one other feature of echo movement 
should be pointed out. A large aggregate of cells, which usually moved more 
slowly than smaller units, frequently caused noticeable deviations in the 
paths of nearby echoes. These deviations were generally of two types: a) a 
smaller echo was deflected toward one side of the aggregate (in cases where 
a small unit was overtaking a large one) orb) a small echo was deflected in 
toward the aggregate, sometimes to later join the system (usually when a 
smaller unit was moving parallel to a larger one). Neither the data, nor the 
analysis procedure, was amenable to a study of these, again small-scale 
effects. This information is presented here merely as an observation of a 
phenomenon which may prove interesting for further study. 

B. Location of Precipitation Areas and their Propagation. For the 
study of the relationship between the various mountain ranges and the regions 
of echo formation and their propagation? the first echoes were plotted on 
contour charts and identified by the time at which they first appeared 
(Figures 15a tog). In addition, all echo areas at a given time were plotted 
(plan-view) on contour charts. The entire period of radar observation was 
used for the latter set of figures by adding to the data evaluated in the 
first echo study, echo areas found in an examination of single 360 deg 
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azimuth scans at half-hourly intervals. Figures 16a to h, showing the plan
view of all echo areas at one-hour intervals, have been simplified for pre
sentation by including in a single area outline a) groups of echoes which were 
separated by relatively small clear areas and b) echo areas at consecutive 
hours when there was little or no difference in position. When it was 
considered informative, half-hourly intervals rather than one-hourly intervals 
were used. 

Even a casual examination of Figures 16a to h reveals pronounced day-to
day differences in the location of precipitation areas. Cn July 20 and 
August 1 almost all of the echo activity occurred in the western two-thirds 
of the area. On July 24, August 13 and 24 the echoes were primarily in the 
eastern half. On July 27 the echoes were concentrated in a SSW-NNE band, 
20 to 30 miles wide, which passed through the Tucson area. Only on August 17 
did echoes occur throughout the region. Because of this variability, the 
relationship between precipitation and the mountain ranges becomes clear only 
through consideration of the daily characteristics. 

The echoes on a given day can be divided into groups, sometimes on the 
basis of similarity in time or region of occurrence, sometimes because they 
seem to be members of a poorly-organized system. This group division, which 
is quite subjective, aids considerably in the discussion; the groups are 
identified by letters in Figures 16a to h. 

July 20: Convection prior to the time covered by radar observation was quite 
limited. With the exception of a few nondescript cumuli over the Santa 
Catalinas, the convective clouds occurred to the southwest of Tucson in the 
-vicinity ofth.e Quinlan-Baboquivari ranges. The echoes have been divided into 
four groups, on the basis of time and location of occurrence (Figure 16a). 

GROUP A. Starting from a single cell east of the Baboquivaris about 
noon, a N-S "line" of well-separated small echoes progressed eastward 
across the Santa Cruz Valley at a rate of about 14 mph. By 1500 the 
echoes were loccted over the Santa Ritas, where they continued until 
about 1630. After 1630 no echoes were detected from the Baboquivaris 
east to the edge of the region. 

The ''movement" of this line was due to the formation of new echoes 
in locations successively farther to the east (Figure 15a). The propaga
tion was downstream from the Baboquivaris, but at an angle of about 
30° to the left of both the winds in the cloud layer and the individual 
echo movement (Figures 13a, 14). It was more rapid than the speed of 
individual echoes. In the vicinity of the Santa Ritas most of the 
echoes formed on the downstream side of the mountain range. 

GROUP B. Small echoes occurred fairly continuously from 1230 to 
1500 over the southern half of the Catalina Mountains • Echo activity 
in this region died out completely at 1500. Echoes developing over 
the Catalinas after 1630 have been included in Group D (late afternoon 
convection), but it should be noted here that they occurred over the 
north end of the range, whereas echoes earlier in the day were located 
over the southern half of the range. 
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GROUP C • Small precipitation areas were found over the Quinlan 
Mountains al.most continuously from noon to about 1500. 

GROUP D. An increase in the echo activity about 1600 just to the north 
of the Quinlan Mountains expanded rapidly northward into a roughly NNE
SSW band extending for about 60 miles over lands of low elevation. 
The main precipitation areas shifted slightly toward the east, remaining 
in the Tucson area until the system disappeared about 2100. The echoes 
in this group, the only ones in the region after 1630, occurred shortly 
after the period of maximum heating, and may have been manifestations 
of free convection in the valley. 

July 24: The radar observations were preceded by a few convective clouds, 
mainly over the Catalinas. The echoes have been divided into four groups, 
three occurring during the afternoon and the fourth (Group D) in the evening, 
after an hour and a half hiatus in echo activity (Figures 16b and c). 

GROUP A. Small echoes along the west side of the Santa Catalinas 
advanced across Tucson, reaching the valley to the southwest by 1500. 

GROUP B. A roughly N-S line of well-separated echoes on the western 
slopes of the Galiuro and Winchester Mountains between 1300 and 1430 
shifted westward across the San Pedro Valley, reaching the eastern side 
of the Catalinas at about 1600 . The line "movement" was due to the 
westward propagation of echo formation (Figure 15b). 

GROUP C. The small, scattered, short-lived precipitation areas in the 
vicinity of the Santa Rita, Whetstone and Huachuca Mountains between 
1300 to 1700 have been identified as Group C for convenience cnly. 
There seems to be no organization in this area nor any particular 
similarity in echo characteristics. 

GROUP D. Between 1700 and 1830 there were no echoes at all in the 
region. At 1830 a group of echoes appeared along the eastern edge of 
the region and advanced westward across the San Pedro Valley, 
Catalina Mountains, and into the valley west of Tucson (Figure 16c). 
This "system" was followed by another one of similar character which 
entered the area about 2200 and by a third which entered at 2400. 

Groups A, B, and D advanced downwind (relative to winds in the cloud 
layer) from one mountain system across a valley to another mountain range. 
The propagation was more rapid (15 mph) than the speeds of individual echoes, 
but in roughly the same direction as the individual echo motion. 

July 27: Throughout the forenoon and early afternoon the convective clouds 
were scattered, small, stable cumuli with only an occasional swelling cumulus. 
Limited activity characterized the day in general. The echoes have been 
divided into four groups (Figure 16d). 

GROUP A. Echo activity just to the northwest of the Santa Ritas 
around 1430 expanded into a NE-SW "line" and shifted northwestward 
until 1830 when it was located just to the southwest of Tucson. 
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Between 1830 and 2100 the precipitation areas remained as a fairly 
stationary band running SSW-NNE for 4o miles across the valley near 
Tucson, with some northward propagation along this line. 

The northwestward shift of the echoes was due to the advancement of 
the region of precipitation formation (Figure 15c). The propagation, 
occurring downstream from the Santa Ritas, was at a rate of about 5 mph, 
considerably less than the speed of the individual echoes, and in a 
direction about 30° to the left of the direction of their motion. The 
complete reversal of the winds in the lower levels between 14co and 
2000 (Figure 14) may have been a factor in the termination of the 
northwestward propagation at about 1800, although the stationary 
character of the echoes after 1800 suggests free convection over the 
valley. 

GROUP B. At about 1730 a group of relatively large echoes developed 
over the northern end of the Catalina Mountains. The area of precipi
tation subsequently expanded into the valley to the north where it 
continued until about 2000. This group of echoes may have been a north
ward extension of the evening echoes of Group A. Relative to the 
winds in the cloud layer, the precipitation areas occurred downstream 
from the Catalinas. 

GROUP C, D. Small precipitation areas occurred in the vicinity of the 
Galiuros between 1400 and 1500 (Group C) and just to the east of the 
Winchesters about 1930 (Group D). The precipitation in both of these 
regions was of short duration. 

Except for a few small echoes around 2300 in the San Pedro Valley there 
was no precipitation in the region after 2100. 

August 1: Except for a few small cumuli, there was no convective activity 
prior to the beginning of the radar observations at 1020. The echo patterns 
on this day were quite similar to those of July 20 (Figures 16e and a). 

GROUP A. Starting just to the east of the Baboquivari-Quinlan Range 
around noon, a N-S line of well-separated echoes advanced eastward, 
reaching the Santa Cruz River at 1400. The echo activity remained in 
this area for about one hour then completely dissipated. The progres
sion eastward, resulting from the advancement of the location of echo 
formation (Figure 15d), was at a rate of 10 to 12 mph, more rapid than 
the movement of individual echoes. The propagation occurred downstream 
from the Baboquivaris and Quinlans (for winds in both cloud and sub
cloud layers), but in a direction to the left of the winds and of the 
motion of individual echoes. 

GROUP B. Small echoes were located along the southern slopes of the 
Catalinas frcm 1000 to noon. Between 1300 and 1400 the precipitation 
occurred along the eastern edge of the mountain range and to the north 
and west. After 1400 all of the echoes in this group were found over 
the valley to the north and northwest of the mountains. (These late 
echoes may have been an extension of echo Group B.) Two features of 
this group should be noted: a) the shift in the location of the echo 
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areas from the southern rim of the Catalinas to the eastern rim at 
about 1300 which may have coincided with a shift in the winds (Figure 
14), and b) the occurrence of the evening echoes over the valley to 
the north. 

GROUP C. Small groups of echoes occurred adjacent to the mountains in 
the eastern part of the region, around noon in the vicinity of the 
Santa Ritas and Whetstones and later over the Winchesters. Small echoes 
were located to the east of the Rincons throughout the observation 
period and showed signs of very slow propagation to the east. Almost 
all of the echoes in this group formed on the downstream side of the 
mountain ranges (Figure 15d). 

GROUP D. .Around 1530 echoes began to develop about 20 miles south
west of Tucson, expanding into the valley to the west of Tucson and 
into the region of the Tucson Mountains. Echoes continued to develop 
in this area, with the precipitation reaching maximum areal extent 
between 1600 and 1700. The activity started to subside around 1700 
and after 1830 there were no echoes in the region except for a few 
small ones northwest of the Catalinas. 

August 13: The morning was characterized by very heavy convective activity 
with heavy rainfall as early as 0730 over the Tucson Mountains. By 0830 there 
were cumulus and cumulus congestus building over the mountain ranges to the 
east of Tucson, and cumulonimbus clouds were observed by 1100. After 0900 
clouds were located primarily in the eastern half of the region. 

Because only a very small sector was scanned during the morning, full 
areal coverage by the radar started late in the convective day. Although 
the echoes tended to cluster around the various mountain ranges, they were 
not divided into groups since so few precipitation areas were involved. 

These late convective-day echoes occurred as small areas, mainly on the 
eastern sides of the largest mountain ranges, and advanced northward with 
time (Figures 15e and 16f). Therefore the echoes developed downstream of 
the mountain ranges relative to the winds below 12,000 ft., but propagated 
downstream relative to the middle level winds (Figure 14) • The advancement 
of the precipitation areas was at a rate of about 4 mph, slower than the 
speed of individual echoes, but in the same direction. 

August 17: Convective activity started about 0900 or 1000 beyond the Santa 
Rita Mountains well to the south of Tucson. Radar observations started about 
1100. At one time or another precipitation echoes were detected in all 
sectors of the region. 

There was a pronounced shift in the location of the precipitation from 
south to north with time . Whereas prior to noon all the echoes lay in a 
20-mile band some 30 miles to the south of Tucson, between 1200 and 1400 
they were in a roughly ENE-WSW strip at the latitude of Tucson, and after 
1630 were completely to the north and west of Tucson (Figure 16g). The 
change in the orientation of the precipitation band from E-W to NE-SW suggests 
that the mountains northeast and east of Tucson accelerated the formation 
process causing echoes to develop earlier than they would have over lower and 
flatter terrain. 
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The northward shift in the location of echo formation during the early 
part of the morning can be seen in Figure 15f. The propagation was to the 
north about 10-15 mph, faster than individual echo speed and perpendicular 
to the direction of individual echo movement. For the winds below 8000 ft., 
the propagation occurred in the downwind direction. 

No particular synoptic feature could be found to explain the northward 
advancement of the cloud system. However the source material, the regular 
map analysis of the Chicago office of the Weather Bureau was not the best and 
a me so-analysis might reveal a synoptic explanation. 

August 24: August 24, the last day of the season's operations, was preceded 
by several days of little convective activity. Winds were quite strong and 
from the north, an unusual direction for convection and precipitation to 
develop in the region. 

Almost all of the echoes were located in the San Pedro Valley (Figure 
16h). (Division of the echoes into Groups A and B was made merely to better 
show the echo areas at different times.) The precipitation areas appeared 
to progress slightly southward with time, but by a very small amount. Since 
the individual echo elements were moving southward at speeds around 20 mph, 
new echoes must have developed to the north and west (upstream) of older 
echoes. This upstream propagation is easily detected when the echo plots for 
every three minutes are examined. 

The echoes occurred in the vicinity of the Galiuros, Catalinas, the 
Rincons and the Santa Ritas, but not over the mountain ranges themselves. 
The winds were from the Nor NNW (Figure 14), and consequently parallel to 
the San Pedro Valley. Low level convergence of air due to the mountain 
barriers may have been a factor in the precipitation formation. 

The echoes to the southwest and to the west (Group C) were relatively 
small, stationary systems. 

Summary 

From the above descriptions, it is clear that the echo patterns for the 
various days had rather distinctive echo patterns. The regions of precipi
tation development and their propagation apparently depends on a set of 
circumstances which can take on a number of configurations. Points of 
similarity between the various days will be discussed in the next section. 

VI . DISCUSSION. 

The 1956 radar observations were used to investigate the frequency and 
height of echo formation, the growth and duration of echo clouds, and the 
location of precipitation areas, their movement and propagation. Attention 
was focussed on the manner in which these parameters varied with the local 
topography, neighboring cloud systems and with the observational day. The 
results of this study are summarized and discussed below. 

1. Frequency of echo formation 

The number of valid first echoes (for a unit of observation time) varied 
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considerably from day to day. The rate of echo development ranged from about 
10 new echoes per hour on one day to more than 50 per hour on another. 
Attempts to correlate the rate of echo production with moisture and stability 
characteristics of the atmosphere were not successful. 

The prime sources of new echoes (60 percent of the sample) were lands 
lying at the "transition" elevations from 3000 to 5000 ft. MSL (50 percent of 
the region). However the number of echoes which formed over mountain areas 
(above 5000 ft. MSL) were more than twice that which would be expected from 
the amount of the region lying at such heights; the number which formed over 
the valleys (below 3000 ft.) was much smaller than the expected value. 
Variations in the strength of this mountain "preference" were indicated by 
day-to-day differences in the relative frequency of echoes forming over the 
high elevations. The echo patterns suggest that the high rate of production 
over mountains probably is a morning and early afternoon phenomenon but may 
not be characteristic of echoes forming after about 4 P.M. 

The existence of older rain clouds in an area seemed to create prefer
ential conditions for the development of echoes. In agreement with the 
visual observation that clouds tend to cluster, about 40 percent of the new 
echoes developed within one mile of an older echo, and about 70 percent were 
within three miles. The tendency for new echoes to form close to older ones 
varied considerably from day to day, but, unexpectedly, was not always 
greatest on those days having the highest time rate of echo development. 

2. Height of echo formation 

The first echoes formed at a large range of heights. Their top heights 
were distributed in a Gaussian frequency curve having mean and modal values 
around 22,000 ft. (-lOC) and range of 20,000 ft. All but a very small 
percentage of the first echoes had tops at heights above the freezing level. 

The range in top heights of first echoes on each day studied was almost 
as large as that for the collective sample. The daily averages (maximum 
difference - 3000 ft.) suggest a cyclic change with time scale comparable to 
synoptic weather features rather than a progressive one from the beginning 
to the end of the rainy season. There were minor shifts in the frequency 
distributions, but the main differences between days were in relatively small 
changes in the frequency of echoes with tops at high levels. There was no 
correlation between the heights of the echoes and the freezing level. 

Although the data suggest that echoes formed at slightly lower altitudes 
over the valleys than elsewhere, the evidence was too weak to establish a 
relationship between the height of echo formation and underlying terrain. 
The data also suggest that echoes tended to form at greater heights the 
closer they were to pre-existing rain clouds, but again there was not enough 
evidence to determine if proximity to older rain clouds was really a factor 
in the height of precipitation formation. 

The mean height of first-echo tops in the collective sample was about 
2000 ft. higher than that found by Braham for the 1955 echo data (4). How
ever this may not be a true interannual difference since the magnitudes of 
day-to-day differences for both seasons are such that the representativeness 
of the mean depends to large extent on the days composing the collective 
sample. 
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Although almost all of the first echoes had tops above the freezing 
level, 57 percent of them had portions below the freezing level. In many 
of these cases, the major fractions of the vertical depths were in warm 
regions. 

The bases of first echoes occurred at heights ranging from 6000 to 26,000 
ft. MSL, but with marked preference for levels around 10,000 ft. (temperature, 
+12 to +16 C) or around 18,000 ft. (-4 to -8 C) and low incidence at the 
freezing level and just below. A bimodal frequency distribution is quite 
unusual for natural phenomena. It was not found in the 1955 data, which 
showed the lower mode, but not the upper one • Again a seasonal comparison 
is difficult because the representativeness of the collective samples is 
questionable. 

The bimodal frequency distribution of the base heights of first echoes 
was found on only one of the seven days . On four days there was a marked 
preference for first-echo bases to occur at one of the two levels mentioned 
above; on the two remaining days the tendency for echo bases to be at a 
specific level was less pronounced but the frequency distributions were 
skewed with modal values lying at the "preferred" levels (Figure 12). Thus, 
despite similarity in range and in daily average, there were marked day
to-day differences in the characteristic base height of first echoes and in 
the percentage of first echoes occurring entirely above the freezing level. 

No association could be found between "cold" and "warm" base first 
echoes and topography, proximity to other echoes, time of calendar day, or 
time from the onset of convection. 

The high incidence of first echoes with bases at temperatures warmer than 
ten degrees above zero indicates that an all-water process must be effective 
in the initiation of precipitation in these clouds, at least in the lower 
portions. The arguments leading to acceptance of this conclusion in preference 
to a process dependent on ice particles are basically those advanced by Battan 
in his report of the effectiveness of the all-water process in convective 
clouds in Ohio (3). 

For the echo base to be composed of drops which fell from the freezing 
level would require {for still air) sizes of 5 mm in diameter or larger 
{more than ten times the size of minimum detectability). This tenfold increase 
in size would have to occur in less than three minutes. First-echo bases at 
10,000 ft. could come about through the vertical transport of drops frcm the 
freezing level by a downward flow of air. This may explain some of the 
observations but many of the echoes with low base-heights grew in the three 
minutes after first detection {some several thousand feet) suggesting {but 
not proving) existence of updrafts of considerable velocities. In addition, 
the descent in the echo base immediately after first detection was at a much 
lower rate {less than 1500 ft. in three minutes) than would be required in 
the three minutes prior to detection. A three or fourfold decrease in the 
descent rate is difficult to justify under the assumption that the descent 
was due to downdrafts. Therefore the most likely initiating mechanism for 
the lower level echoes {which certainly must have been composed of water 
drops) appears to be a water process. 
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It is therefore believed that the level around +14 C represents the most 
likely minimum height for precipitation formed through an all-water process 
whereas the upper modal value (-6 C) represents the most likely minimum height 
for initiation of precipitation through a mechanism involving the ice phase. 
In many, if not most, of the first echoes with bases around 14 C and tops at 
heights above the freezing level, both the water and ice processes were 
probably effective in initiating the precipitation and moreover required 
approximately the same length of time to do so. It is suggested that both 
ice and water processes were active in the majority of the clouds, the chief 
difference between first echoes with low bases and those with high (below 
freezing) bases being the time-wise efficiency of the two processes. In the 
form.er the water process was more rapid than the ice process, or had about 
the same time requirements for the production of precipitation (echo
producing) drops; in the latter the water process was slower than the ice 
process. 

There is evidence of independent but simultaneous development of echoes 
in lower and upper portions of a cloud. The observations include three first 
echoes which were composed of two vertical segments, the lower one ccmpletely 
below the freezing level, the upper one completely above. (Battan reported 
one such case (3) but did not specify the heights at which they occurred.) 
These three cases were noted quite by accident. A data search was not made, 
and it is not known how many first echoes were of this type. However, since 
in all three clouds the two vertical segments had merged by the time the area 
was scanned again, the probability of detection of such cases may be expected 
to be low for a three-minute time definition. 

Other investigators (3; 11) have suggested that in most clouds droplet 
growth comes about through both water and ice processes. A process such 
as that described by T. W. R. East (7) and/or the creation of large drops 
initiated low in the cloud by suitable condensation nuclei could explain 
the warm echoes in the lower portions of a cloud. 

The day-to-day differences in the height of the first-echo bases must 
reflect the day-to-day variation in the time-wise efficiency of the water 
process. On those deys when the bases were predominantely at temperatures 
in excess of ten degrees C the all-water process was evidently efficient 
enough to produce precipitation-size drops at least in as short a time as 
they could be produced by an ice process. On those days when the bases were 
high, either the water process was very slow or was not successful in 
initiating the precipitation. 

The day on which there was high incidence of echo bases at both warm 
and cold temperatures affords the best evidence of the importance of this 
time element. The initiation of the echoes in the lower portions of the 
clouds apparently lagged slightly behind the initiation of the echoes in 
the upper portions. Over 60 percent of the echoes with high bases on the 
initial scan had base heights at the +14 C level three minutes later. These 
echo bases descended between 6000 and 11,000 ft. (average 7500 ft) in the 
three minutes (in many cases concurrent with ascent of the echo top) while 
the warm bases descended an average of about 1200 ft. By the same arguments 
presented above, the rapid descent of the high level bases must have been 
through the growth of drops to reflecting size in the lower reaches of the 
cloud by an all-water process. 
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The day-to-day differences in the efficiency of the water process may 
be a function of cloud depth, i.e., of cloud-base height. Cloud-base data 
were not available but the condensation level on the days in question varied 
little and was not necessarily the lowest on those days when most of the 
echoes had low bases. Im equally plausible explanation of these day-to-day 
variations may lie in differences in the distributions and kinds of condensa
tion nuclei in the atmosphere. A trajectory analysis to determine the source 
region of the air involved in the convection may give some idea of the impor
tance of the nuclei. However a definite answer can be obtained only through 
sampling of atmospheric particles concurrent with the radar observations. 

3. Growth and duration of radar echoes 

In agreement with the observations for 1955 the echoes described here 
grew very little after first detection. One half of the sample did not grow 
at all, and about another 10 percent grew only about 1000 ft. Only a third 
of the remainder (about 17 percent of the cases) increased in height by more 
than 5000 ft. The average growth for echoes that grew was 4700 ft. 

Echoes which formed close to pre-existing echoes were somewhat more 
apt to grow and grew a little more than did echoes forming at greater 
distances. Although small, the differences were quite consistent. Varia
tion with the elevation of the underlying terrain was less marked. Although 
a higher fraction of valley echoes experienced some growth, the increase in 
height was, on the average, about the same as that for echoes forming over 
lands of higher elevation. 

The average life span of the echoes was 17 to 20 minutes (excluding 
aggregates formed through merger of several echoes). About one-fourth of 
the echoes lasted more than 24 minutes but most of these were indicated to 
be multicellular by fluctuations in base and top heights and rapid areal 
expansion. The data strongly suggests a duration of about 15 to 20 minutes 
for single unit echoes. These durations are very similar to those reported 
by Batt an (2) and Workman and Reynolds (12) • The slightly shorter life spans 
found in these Arizona echoes is believed to be due to the longer scanning 
period (3 minutes as compared to 90 seconds in Battan's data) rather than 
to be an indication of any real difference in the echo characteristics. 

There were no significant differences in the durations of echoes 
forming over the mountains and those forming over lands of lower elevation. 
The data suggest a slightly longer average duration for isolated clouds, 
primarily because of a greater frequency of echoes with duration of 30 
minutes or more, all of which were multicellular. 

Daily variations in echo characteristics such as duration and growth 
are difficult to study because of the small numbers of echoes for which life 
history data are complete. The average duration was slightly longer on some 
days than on others, sometimes because of shift in modal value of the distri
bution, sometimes because of a small increase in the number of multicellular 
units lasting upwards of 30 minutes. 

Only on one or two days were the growth characteristics of the echoes 
really different from those on the remainder of the days. On these days it 
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was the fraction of first echoes which grew more than a thousand feet that 
differed; there was very little variation in the relative frequency of clouds 
which experienced no growth at all. 

4. Movement of precipitation areas 

Individual echoes usually moved in the same direction as the air in which 
they were imbedded. Their trajectories, relative to the gradient of the 
terrain, depended on the location in which they developed so that not infre
quently echoes moved from lower to higher elevations. Days on which echoes 
moved primarily from mountain toward valley were those on which most of the 
echoes emanated from the downstream side of the mountain range. 

The daily average of echo speed was fairly representative of the 
individual echoes (usually within: 3 knots of the extreme speeds). The 
average speeds ranged from 5 to 12 knots and on five of the seven days were 
in good agreement with the mean wind for the echo-cloud layer. On one of 
the two other days the echo speeds were faster than the winds; on the other 
they were slower. 

Generally the echoes moved very little during their life span. Forty 
percent of the sample moved one mile or less, and the maximum movement 
observed was six miles. Aggregates were not included in the sample 
mentioned above but despite relatively long duration their apparent movement 
was generally less than the average, probably because the translational 
components were obscured because of peripheral development and dissipation. 
These small movements are in agreement with those found by Braham (4). For 
both seasons one must conclude that rain clouds did not form over the 
mountains, move off and give rain over the valleys. 

As used in the above discussion, movement refers to the combination of 
translation and propagation. The propagational aspects of the precipitation 
areas are discussed below. 

5. Location of precipitation areas and their propagation 

Perhaps the most striking evidence of the influence of factors larger 
in scale than the convective cloud is afforded by the high day-to-day varia
bility in the location of the precipitation areas. On scme days most of the 
echoes were in the eastern half of the region, on others they were primarily 
in the southwest. On scme days a mountain system seemed to have considerable 
influence on the development of echoes, on other days there were no echoes 
whatever in its vicinity. 

The apparently random areal distribution of echoes took on a semblance 
of organization only when the precipitation patterns were studied within the 
frame of reference of the convective day. From this analysis evolved certain 
features which, though not universal, appeared on many of the days. 

(a) Prior to 3 or 4o'clockin the afternoon, echoes had a tendency to 
form downwind frcm mountains, primarily those ranges having ridge lines 
oriented at a large angle to the general wind field. On a given day 
precipitation areas occurred close to only one or two mountain systems 
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over periods of more than an hour. These precipitation areas were 
usually small in areal extent. 

(b) When the winds were perpendicular to an elongated narrow barrier 
or ridge line the precipitation areas tended to develop first immediately 
downstream from the mountain range, expand into a band of well separated 
echoes, which then propagated downstream by virtue of new developments 
successively farther downwind. This systematic propagation usually 
ceased around 3 or 4 P.M. 

On three of the four days when this feature was most pronounced, 
the propagation was more rapid than the speed of the individual echoes, 
on the fourth it was slower. The direction of the propagation was about 
30° to the left of the movement of the individual echoes. 

When the winds were from the NW and WNW, the line formed and 
propagated downwind from the Baboquivari-Quinlan system; when they were 
from the NE the initiating ranges were the Galiuro-Winchester and 
Catalina Mountains; when they were from the S the initiating range was 
the Santa Rita Mountains . 

(c) Around 3 P.M., shortly after the period of maximum heating, the echo 
activity over the mountain and transition areas decreased, and usually 
disappeared by 5 P .M. At the same time there was frequently an increase 
in the echo activity over the valley areas; after 1700 the precipitation 
areas, when they occurred, were almost entirely over the valleys . When 
the winds were from the west and northwest, the evening echoes occurred 
mainly in the valley region around Tucson and to the west and north. When 
the winds were from the south they occurred in a N-S band through Tucson 
and northward to an area north of the Catalina Mountains. With NNW 
winds they occurred in the San Pedro Valley. 

(d) Unique patterns occurred on three days. On August 13, with a 90° 
shift in the wind at about 12,000 or 13,000 ft. the echoes formed just 
downwind of the mountain systems (for winds in the lower levels) as 
noted in (a) but the precipitation areas propagated slowly downwind 
relative to the winds above 12,000 ft., and consequently parallel to 
the mountain range . The rate of propagation was less than the speed of 
movement of the individual echo components comprising the precipitation 
areas. 

On August 24, with unusually strong NNW winds, the echoes (afternoon 
and evening formations) occurred almost entirely in the San Pedro Valley. 
This valley is long and relatively narrow, and fairly well bounded by 
mountain barriers • The existence of a wind field parallel to the valley 
axis, and with direction such that the airflow was upslope may have been 
a factor in the high concentration of echoes. The precipitation areas 
progressed very slowly southward, much more slowly than the individual 
echoes. 

On August 17 with easterly winds, east-west bands of echoes pro
gressed from the southern edge of the region to the northern edge by 
virtue of formation of echoes successively farther north. The precipitation 
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bands appeared to change in orientation from E-W to NE-SW as they moved 
northward, apparently because the mountains in the northeast created 
conditions which were favorable for earlier development than those condi
tions in the low valley lands in the northwest permitted. It is believed 
that the precipitation patterns on this day were determined largely by 
synoptic variables. Im examination of the regular pressure surface 
analyses was not enlightening but a careful analysis was not made. 

A recent report by Braham and Draginis (5) indicates that an important 
feature of the convection over a mountain is the addition of moisture to the 
atmosphere. The moisture must be carried into the higher levels by the 
vertical transport in cloud currents and also transported downstream by both 
the winds and the cloud formations. This manner of moisture dispersion could 
explain the propagation of precipitation areas on August 13, which is 
described in (a) above. 

The entire region downstream from a mountain must eventually experience 
a gain in moisture because of this horizontal transport. Rain clouds would 
be expected to develop wherever other circumstances were most favorable. 

If the local addition of moisture by mountain convection were a suffi
cient condition for the development of rain clouds, continual echo formations 
should occur in the vicinity of ridge lines and all mountain ranges should be 
source regions. Neither of these features were found as a general rule. The 
association between the location of the precipitation areas and the wind 
field, and specifically the line propagation mentioned in (b) indicates that 
dynamic processes are important. 

On some days the propagation of precipitation areas was more rapid than 
the speed of component echoes, on others it was slower. Therefore new 
echoes must have formed downstream from older ones on the former, and up
stream from the older ones on the latter. No clear cut relationship could 
be found between vertical windshear and the development of echoes down
stream or upstream from pre-existing rain clouds. 

The decrease in echo activity in the mountain areas around 3 or 4 P.M. 
is difficult to understand unless the valley-mountain circulation dies out 
at about this hour. The evening echoes in the Santa Cruz Valley around 
Tucson (c) are believed to have been convective in nature, since the after
noon heating was generally sufficient for free convection. However the 
location of the precipitation areas in a narrow delta region of the valley 
suggest that (similar to August 24 (d) ) dynamic processes were a factor in 
the development of these rain clouds. 

VII. SUPPLEMENTARY REMARKS • 

This study has raised a number of questions. Perhaps the most immediately 
pertinent are those concerned with the relative importance of the water and 
ice mechanisms in the initiation of precipitation. The data indicate that 
precipitation size drops may develop independently and simultaneously by 
different processes in different portions of these clouds. What are the 
physical processes by which such developments can occur? Is the initiation 
of rain in the lower portion of the cloud simulatneous with, or before the 
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initiation of rain in the cold regions favorable or unfavorable for maximum 
rainfall at the ground? Why does the time required for the initiation of precipi
tation by an all-water process vary from day to day? Would it be possible to 
modify the rainfall by changing this time constant and if so how could this 
be done? The sizes and types of condensation nuclei are in all probability 
a factor in determining the time constant for the water mechanism and a pro-
gram for the sampling of condensation nuclei may prove enlightening. 

Perhaps indirect answers to some of these questions could be obtained 
from the 1955 and 1956 radar data already available. For instance a compari-
son of durations and growths for first echoes in which the water echo preceded, 
lagged, or occurred simultaneously with the cold echo, could shed light on the 
relative efficiency of the various types. A careful synoptic, mesometeorological 
or trajectory analysis may reveal atmostpheric conditions which could affect 
the efficiency of the water process. 

Of equal interest are those questions raised in the analysis of echo 
patterns. Why is a mountain system influential in the development of echo 
clouds on one day but not on another? Why does the precipitation occur 
around some mountains on one day, around others on another day? The results 
of the study indicate that physical processes larger than cloud size are 
involved, and that the wind field has some influence on the location of 
development and the propagation of precipitation areas. What are these 
physical and dynamic processes, and what conditions result which are favorable 
for rain clouds? 

Again answers to some of these questions may be found in data already 
available. Although the author attempted to find pertinent synoptic 
explanations by examining regular Weather Bureau pressure-surface maps 
and standard tools such as pseudo-adiabatic charts, hodographs, detailed 
analyses were not made. Such detailed analyses may explain some of the 
problems presented in this section and also some of the other day-to-day 
differences noted in the body of this report. · 
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Fig. 2. Topographic map of the area in the vicinity of Tucson. 
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through the ti me when the echo top began to subside. Group 11 is 
composed of cases for which maximum top heights may have been 
higher than observed. (Search and Sector Scan, N == 306) 
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Fig. 9. Life span of echo clouds studied during search and 
sector-scan operations. Duration defined as time 
between first and last radar detection. 
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Fig. 13. Movement of all echoes followed during the elevation. Circles at the 
ends of track arrows identify known multicellular echoes. Split arrows 
and dashed Ii nes from the head of one arrow to the tai Is of two or more 
are used to show the division of a single area into parts; dashed lines 
from the heads of two or more arrows to the tai I of a single one 
indicates merger between adj a cent echoes. The base chart shows 
the 3000 and 5000 ft. contours, with the shaded areas representing 
elevations greater than 5000 ft. MSL. 
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Fig. 13 (a). Echo movement on July 20, 1956. 
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Fig. 13. Movement of all echoes followed during the elevation. Grcles at the 
ends of track arrows identify known multicellular echoes. Split arrows 
and dashed lines from the head of one arrow to the tails of two or more 
are used to show the division of a single area into parts; dashed I ines 
from the heads of two or more arrows to the tail of a single one 
indicates merger between adjacent echoes. The base chart shows 
the 3000 and 5000 ft. contours, with the shaded areas representing 
elevations greater than 5000 ft. MSL. 
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Fig. 13 (b). Echo movement on July 24, 1956. 
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Fig. l 3. Movement of al I echoes fol I owed during the elevation. Ci rel es at the 
ends of track arrows i den ti fy known multi eel I ul ar echoes. Split arrows 
and dashed lines from the head of one arrow to the tails of two or more 
are used to show the division of a single area into parts; dashed lines 
from the heads of two or more arrows to the tail of a single one 
indicates merger between adjacent echoes. The base chart shows 
the 3000 and 5000 ft. contours, with the shaded areas representing 
elevations greater than 5000 ft. MSL. 
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Fig. 13 (c). Echo movement on July 27, 1956. 
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Fig. l 3. Movement of al I echoes fol I owed during the elevation. Ci rel es at the 
ends of track arrows identify known multicellular echoes. Split arrows 
and dashed U nes from the head of one arrow to the tai Is of two or more 
are used to show the division of a single area into parts; dashed lines 
from the heads of two or more arrows to the tail of a single one 
indicates merger between adjacent echoes. The base chart shows 
the 3000 and 5000 ft. contours, with the shaded areas representing 
elevations greater than 5000 ft. MSL. 
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Fig. 13 (d). Echo movement on August l , 1956. 
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Fig. 13. Movement of all echoes followed during the elevation. Circles at the 
ends of track arrows identify known multicellular echoes. Split arrows 
and dashed lines from the head of one arrow to the tails of two or more 
are used to show the division of a single area into parts; dashed lines 
from the heads of two or more arrows to the tail of a single one 
indicates merger between adjacent echoes. The base chart shows 
the 3000 and 5000 ft. contours, with the shaded areas representing 
elevations greater than 5000 ft. MSL. 
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Fig. 13 (e). Echo movement on August 13, 1956. 
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Fig. 13. Movement of all echoes followed during the elevation. Circles at the 
ends of track arrows identify known multicellular echoes. Split arrows 
and dashed lines from the head of one arrow to the tails of two or more 
are used to show the division of a single area into parts; dashed lines 

( from the heads of two or more arrows to the tail of a single one 
indicates merger between adjacent echoes. The base chart shows 
the 3000 and 5000 ft. contours, with the shaded areas representing 
elevations greater than 5000 ft. MSL. 

fJ) f-
~ Cl) 

Uu,2 
<t It> • 
0:: I IC> 
J- ,.._ N 

0 I .;, 
:c CX) • 
U 0 w 

~o ~---1' .. (,) ,, 

Fig. 13 (f). Echo movement on August 17, 1956. 
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Fig. 13. Movement of al I echoes fol lowed during the elevation. Circles at the 
ends of track arrows identify known multicellular echoes. Split arrows 
and dashed Ii nes from the head of one arrow to the tai Is of two or more 
are used to show the division of a single area into parts; dashed lines 

( from the heads of two or more arrows to the tai I of a single one 
indi cotes merger between adjacent echoes. The base chart shows 
the 3000 and 5000 ft. contours, with the shaded areas representing 
elevations greater than 5000 ft. MSL. 
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Fig. 13 {g). Echo movement on August 24, 1956. 
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Fig. 14. Regular Tucson wind observations. The limits of the line boxes show the 
observation times and the heights of first-echo tops and bases, the daily 
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and dashed I ines resp. The average echo direction and speed and the 
vector mean winds in the layers bounded by the daily average and 
extreme heights are given in the upper part. 
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Fig. 15. The time and location of echo formation. Each first echo 
is plotted at the locale of first detection and identified 
by the time of the scan on which it first appeared. Time 
is given in unit hours and decade minutes; e.g., 1540-
1549 is represented as 5.4, 1130-1139 is given as 1 .3. 
The section of the regions under surveillance during 
sector scan operations is indicated by dashed lines. Base 
chart as described in fig. 1 3. 
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Fig. 15 (a). Location and time of first echoes on July 20, 1956. 
lsochrones of echo formation south of Tucson illustrate 
the eastward propagation. 
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Fig. 15. The time and location of echo formation. Each first echo 
is plotted at the locale of first detection and identified 
by the ti me of the scan on which it first appeared. Ti me 
is given in unit hours and decade minutes; e.g., 1540-
1549 is represented as 5.4, 1130-1139 is given as 1.3. 
The section of the regions under surveillance during 
sector scan operations is indicated by dashed lines. Base 
chart as described in fig • 1 3 • 
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Fig. 15 (b). Location and time of echo formation on July 24, 1956. 
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Fig. 15. The time and location of echo formation. Each first echo 
is plotted at the locale of first detection and identified 
by the ti me of the scan on which it first appeared. Ti me 
is given in unit hours and decade minutes; e.g., 1540-
1549 is represented as 5 .4, 1130-1139 is given as l .3. 
The section of the regions under surveillance during 
sector scan operations is indicated by dashed Ii nes. Base 
chart as described in fig. 13. 
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Fig. 15 (c}. Location and time of echo formation on July 27, 1956. 
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Fig. 15. The time and location of echo formation. Each first echo 
is plotted at the locale of first detection and identified 
by the time of the scan on which it first appeared. Time 
is given in unit hours and decade minutes; e.g., 1540-
1549 is represented as 5.4, 1130-1139 is given as 1.3. 
The section of the regions under surveillance during 
sector scan operations is indicated by dashed lines. Base 
chart as described in fig • 1 3 • 
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Fig. 15 (d). Location and time of first echoes on August 1, 1956. 
The 1 200 and 1330 isochrone of echo formation as 
drawn for the region south of Tucson to illustrate the 
eastward shift of the location of echo formation. 
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Fig. 15. The time and location of echo formation. Each first echo 
is plotted at the locale of first detection and identified 
by the time of the scan on which it first appeared. Time 
is given in unit hours and decade minutes; e.g., 1540-
1549 is represented as 5.4, 1130-1139 is given as 1.3. 
The section of the regions under surveillance during 
sector scan operations is indicated by dashed lines. Base 
chart as described in fig. 13. 
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Fig. 15 (e). Location and time of echo formation on August 13, 1956. 
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Fig. 15. The time and location of echo formation. Each first echo 
is plotted at the locale of first detection and identified 
by the ti me of the scan on which it first appeared. Ti me 
is given in unit hours and decade minutes; e.g., 1540-
1549 is represented as 5 .4, 1130-1139 is given as l .3. 
The section of the regions under surveillance during 
sector scan operations is indicated by dashed lines. Base 
chart as described in fig. 13. 
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Fig. 15 (f). Location and time of echo formation on August 17, 1956. 
lsochrones of echo formation south of Tucson i 11 ustrate the 
northward shift of the formation locale with time. 
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Fig. 15. The time and location of echo formation. Each first echo 
is plotted at the locale of first detection and identified 
by the ti me of the scan on which it first appeared. Ti me 
is given in unit hours and decade minutes; e.g., 1540-
1549 is represented as 5.4, 1130-1139 is given as l .3. 
The section of the regions under surveillance during 
sector scan operations is indicated by dashed Ii nes. Base 
chart as described in fig. 13. 
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Fig. 15 (g). Location and time of echo formation on August 24; 1956. 
Time in this figure is given in unit hours and minutes, 
e.g., 725 refers to 1725. 
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Fig. 16. Plan view of precipitation areas at one hour intervals. 
Each area represents echoes observed on a single scan 
at the given time, e.g., areas identified as 13 represent 
echoes detected in a single search scan made at 1300. 
In order to simplify the illustration, groups of closely 
spaced echoes were included in a single outline, and 
groups of echoes on consecutive hours were included in 
a single outline if there was no change in location. 
Base contour chart as described in fig. 13. 

Fig. 16 (a}. Precipitation areas on July 20, 1956. 
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Fig. 16. Plan view of precipitation areas at one hour intervals. 

(/) 

a. 
U) :::J 
IC) 0 

I 0:: 
~ (9 

Each area represents echoes observed on a single scan 
at the given ti me, e.g., areas i den ti fi ed as 13 represent 
echoes detected in a single search scan made at 1300. 
In order to simplify the illustration, groups of closely 
spaced echoes were included in a single outline, and 
groups of echoes on consecutive hours were included in 
a single outline if there was no change in location. 
Base contour chart as described in fig. l 3. 
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Fig. 16 (b). Precipitation areas between 1300 and 1600 on July 24, 1956. 
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Fig. 16. Plan view of precipitation areas at one hour intervals. 
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Each area represents echoes observed on a single scan 
at the given time, e.g., areas identified as 13 represent 
echoes detected in a single search scan made at 1300. 
In order to simplify the illustration, groups of closely 
spaced echoes were included in a single outline, and 
groups of echoes on consecutive hours were included in 
a single outline if there was no change in location. 
Base contour chart as described in fig. 13. 
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Fig. 16 (c). Precipitation areas between 1830 and 2400 on July 24, 1956. 
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Fig. 16. Plan view of precipitation areas at one hour intervals. 
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Each area represents echoes observed on a single scan 
at the given time, e.g., areas identified as 13 represent 
echoes detected in a single search scan made at 1300. 
In order to simplify the illustration, groups of closely 
spaced echoes were included in a single outline, and 
groups of echoes on consecutive hours were included in 
a single out Ii ne if there was no change in I ocati on. 
Base contour chart as described in fig. 13. 
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Fig. 16 (d). Precipitation areas on July 27, 1956. 
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Fig. 16. Pl an view of preci pi tati on areas at one hour intervals. 
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Each area represents echoes observed on a single scan 
at the given time, e.g., areas identified as 13 represent 
echoes detected in a single search scan made at 1300. 
In order to simplify the illustration, groups of closely 
spaced echoes were included in a single outline, and 
groups of echoes on consecutive hours were included in 
a single outline if there was no change in location. 
Base con tour chart as described in fig. 1 3 • 
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Fig. 16 (e). Precipitation areas on August 1, 1956. 
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Fig. 16. Plan view of precipitation areas at one hour intervals. 
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Each area represents echoes observed on a single scan 
at the given time, e.g., areas identified as 13 represent 
echoes detected in a single search scan made at 1300. 
In order to simplify the illustration, groups of closely 
spaced echoes were included in a single outline, and 
groups of echoes on consecutive hours were included in 
a single outline if there was no change in location. 
Base contour chart as described in fig. 13. 

Fig. 16 (f). 
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Precipitation areas on August 13, 1956. 
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Fig. 16. Plan view of precipitation areas at one hour intervals. 
Each area represents echoes observed on a single scan 
at the given time, e.g., areas identified as 13 represent 
echoes detected in a single search scan made at 1300. 
In order to simplify the illustration, groups of closely 
spaced echoes were included in a single outline, and 
groups of echoes on consecutive hours were included in 
a single outline if there was no change in location. 
Base contour chart as described in fig. 13. 

,,,,.--- -, 
I ' ' \ 
' I , __ ...,. I 

' .. .1 

Fig. 16 (g). Precipitation areas on August 17, 1956. 
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Fig. 16. Plan view of precipitation areas at one hour intervals. 
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Each area represents echoes observed on a single scan 
at the given time, e.g., areas identified as 13 represent 
echoes detected in a single search scan made at 1300. 
In order to simplify the illustration, groups of closely 
spaced echoes were included in a single outline, and 
groups of echoes on consecutive hours were included in 
a single outline if there was no change in location. 
Base contour chart as described in fig. 13. 
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Fig. 16 (h). Precipitation areas on August 24, 1956. 
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APPENDIX . I. RADAR SHADOW. 

At some azimuths, the vertical plane, presented on the radar scope as 
being from the tangent plane to 50,000 or 60,000 ft • , was not illuminated by 
the radar beam in its entirety. This was due to 11blocking 11 by the mountains 
within the 60 mile radial distance covered in the presentation. Essentially 
these mountains cast a "radar shadow'' in the regions at greater ranges from 
the observation point. In order to judge the accuracy of height measurements 
for echo bases it was necessary to determine the height of the top of this 
radar shadow for all azimuths and ranges. 

Two calculations were made to obtain estimates of the height of the 
radar shadow, both based on the simple and familiar 11line-of-sight 11 com
putational method. One used as base points the 1000 ft. contours from 
Aeronautical Charts; the other used both the tops and bases of permanent 
terrain echoes detected by the radar. In both cases an eight-deg azimuth 
interval was used. 

Theoretically one would expect the shadow heights computed using the 
tops of terrain echoes to be too high, and those computed using the bases 
of terrain echoes to be too low. The radar film verified this, since echoes 
were detected from some of the terrain which lay below the former, while 
echoes were not detected for some of the terrain lying above the latter. 
Also, as one would suspect from theory, the heights calculated from the 
topographic charts fell between the two radar lines -- at most azimuths 
approximately half way between them. 

In the calculations no allowance was made for bending of rays. The 
minimum observed heights for echo bases were used as an indicator of the 
average bending, and also as a check on the computed shadow heights. 

The shadow heights finally used were based on a somewhat subjective 
evaluation of the three indicators with consideration for items such as 
beam width and possible errors in the basic measurements. In the tabula
tion below are given these estimates of the heights below which targets would 
not be illuminated by the radar beam. Values which are underlined are the 
heights of the tops of the permanent echoes from topographic features. 



Azimuth 
0 
4 
8 

12 
16 
20 

24 
28 
32 
36 
4o 

44 
48 
52 
56 
60 

64 
68 
72 
76 
Bo 

84 
88 
92 
96 

100 

104 
108 
112 
116 
120 

124 
128 
132 
136 
140 

144 
148 
152 
156 
160 
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HEIGHr OF TERRAIN SHADOW (1000 Fr. , MSL) 

10 12 14 16 18 20 
7 4 4 5 5 5 
7 5 5 6 6 6 
8 6 6 7 7 8 
866778 
886778 
2 7 8 9 9 10 

Range (Miles) 
22 24 26 28 30 32 34 36 38 40 
66677 88899 
7 7 7 8 8 8 9 9 10 10 
8 9 9 10 10 111112 12 13 
8 9 9 10 10 111112 12 13 
8 9 10 10 11 1112 13 13 14 

1112 12 13 14 15 16 16 17 18 

42 44 46 48 50 
10 10 10 1111 
10 111112 12 
13 14 14 15 16 
13 14 15 15 16 
15 15 16 16 17 
19 20 21 21 22 

52 54 56 58 60 
12 12 13 13 13 
13 13 13 14 15 
16 17 18 18 19 
16 17 18 19 19 
18 18 19 20 20 
23 24 25 26 27 

10 7 8 8 9 10 
10 8 8 9 9 10 
10 9 8 9 10 10 
-g 10 7 8 9 9 
-g-g 7 7 8 8 

111112 13 14 
10 1112 12 13 
1112 12 13 13 
10 111112 13 
9 10 10 1111 

14 15 16 17 18 
14 14 15 16 17 
14 15 15 16 17 
131415 15 16 
12 12 13 14 14 

18 19 20 21 21 22 23 24 25 26 
17 18 19 20 20 21 22 23 24 24 
17 18 19 20 21 21 22 23 24 25 
17 18 18 19 20 21 22 23 24 24 
15 16 16 17 18 18 19 20 20 21 

8 9 7 
B" B" 8 
?; ?; 8 

9 10 9 
9 10 8 
99 8 
B" 9 6 7 B" B" 

3 ~ 2 ~ ~ 2 
6 
3 
4 
5 
1 

8 7 8 9 5 
58?,Ij:4 
Ij:5?,64 
Ij: 5 ?; 7 4 
~ 1 ~ 1 4 

9 10 10 1111 
9 9 10 10 11 
8 9 9 10 10 
7 7 8 8 8 
6 6 7 7 8 

5 6 6 6 6 
5 5 5 5 6 
5 5 5 5 5 
5 5 5 5 6 
5 5 5 5 5 

6 6 7 5 5 
7 B" B" 7 7 
B" 10 8 8 9 
9 10 7 8 8 
7 7 7 8 8 

5 5 5 8 6 6 6 6 7 7 7 
5 5 5 ?; 4 5 5 6 10 8 9 
5 5 7 5 4 4 5 ?,-g 8 7 
333355 ?;?;?;75 
3333311~Ij:Ij:Ij: 

3 3 3 3 3 5 6 5 4 5 5 
3 3 3 3 3 5 3 Ij: 4 4 4 
3 3 4 3 3 5 6 6 6 6 4 
553335 5?;?;77 
1 1 .2 .2 .2 Ij: 1 1 ?; ?; 1 
5 3 5 5 5 5 
3 3 3 3 5 5 
3 3 3 3 5 5 
3 3 3 3 3 5 
3 3 3 3 3 1 

5 6 6 5 7 
5 ?; 7 7 5 
?; ?; 7 7 5 
5 ?; ?; 7 7 
1 1 ~ 0 1 

12 12 13 14 15 15 16 17 17 18 
1112 13 13 14 14 15 16 16 17 
111112 13 13 14 14 15 16 16 
9 9 10 10 10 111112 13 13 
8 9 9 9 10 10 111112 12 

7 7 8 8 8 
6 6 6 7 7 
6 6 6 6 7 
6 6 7 7 7 
6 6 6 6 7 

6 6 6 6 7 
8 8 8 9 9 
9 9 10 10 11 
9 9 9 10 10 
9 9 10 10 10 

8 8 9 9 10 
9 9 10 10 11 
7 7 8 8 8 
6 6 6 6 6 
5 5 5 5 5 

9 9 9 10 10 
7 8 8 8 9 
7 7 8 8 8 
7 7 8 8 8 
7 7 7 8 8 

7 8 8 8 8 
10 10 111111 
1112 12 13 13 
111112 12 13 
111112 12 13 

10 10 111112 
1112 12 13 13 
9 9 10 10 10 
6 7 7 7 7 
5 6 6 6 6 

5 5 5 5 6 6 6 6 6 7 
4 6 6 7 8 10 7 7 7 7 
6 7 7 7 B" 10 8 7 8 8 
5 5 5 5 5 7 9 7 7 8 
5 5 6 6 6 o 7 7 7 7 

5 5 6 6 6 
5 6 6 6 6 
5 6 6 6 7 
6 6 6 7 7 
1 6 6 6 7 

6 7 7 7 7 
6 7 7 7 8 
7 7 7 8 8 
7 8 8 8 8 
7 7 7 8 8 

19 20 21 21 22 
18 19 20 20 21 
17 18 18 19 19 
14 14 15 15 16 
13 14 14 15 16 

10 111112 12 
9 10 10 10 11 
9 9 9 10 10 
9 9 9 10 10 
8 9 9 9 10 

9 9 9 10 10 
12 12 13 13 14 
14 14 15 15 16 
13 14 14 15 15 
13 14 14 15 16 

12 13 13 14 15 
14 14 15 16 17 
11111112 12 
8 8 8 8 9 
6 7 7 7 7 

7 7 7 8 8 
7 8 8 8 8 
8 8 8 9 9 
8 8 9 9 10 
7 8 8 8 8 

8 8 8 8 9 
8 8 9 9 9 
9 9 9 9 10 
9 9 9 10 10 
8 9 9 10 10 

* The dash (_)signifies the height of terrain echoes. 
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Azimuth 
164 
168 
172 
176 
180 

184 
188 
192 
196 
200 

204 
208 
212 
216 
220 

224 
228 
232 
236 
240 

244 
248 
252 
256 
260 

264 
268 
272 
276 
280 

284 
288 
292 
296 
300 

304 
308 
312 
316 
320 
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HEIGET OF TERRAIN SHADOW (1000 FI'., MSL) 

Range (Miles) 

10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 4o 
3 3 3 3 3 5 5 5 5 6 6 6 7 8 7 7 
3 3 3 3 3 3 Ij: 5 5 5 5 E5 7 9 7 8 
3 3 3 3 3 3 3 Ij: 5 5 5 E5 7 8 10 7 
3 3 3 3 3 3 3 Ij: 5 E5 E5 E5 o 8 7 7 
333333 333311~155 

3 3 3 3 3 3 3 3 3 3 3 3 3 5 4 4 
3 3 5 5 5 5 3 3 3 3 3 3 3 3 3 3 
3 3 5 5 5 5 3 3 3 3 3 3 4 4 4 4 
5 5 5 5 5 5 5 5 3 3 3 3 4 4 4 4 
11111111666 44555 

5 5 5 5 5 
E5 5 3 3 3 
Ij: E5 3 3 5 
5 5 5 5 E5 
3 3 3 !t 1 

5 6 6 6 5 5 . 5 5 5 6 6 
3 3 Ij: Ij: 7 6 6 6 6 7 7 
5 5 5 6 7 7 6 7 7 7 7 
E5 E5 7 7 5 E5 6 6 6 6 7 
1 1 15 'E5 4 4 5 5 5 5 5 

3 3 3 3 4 4 4 4 4 5 5 5 5 5 6 6 
3 3 3 3 3 3 3 3 3 3 3 4 4 4 4 4 
3 3 3 3 3 3 3 3 3 3 3 3 3 4 4 4 
3 3 3 3 3 3 3 3 3 3 4 4 4 4 4 4 
3 3 3 3 4 4 4 4 4 4 4 5 5 5 5 5 

3 4 4 4 4 4 
3 4 4 4 4 4 
3 4 4 4 4 4 
4 4 4 4 4 4 
4 4 4 4 4 4 

4 4 5 5 6 6 
4 4 5 5 5 6 
7 4 5 5 5 6 
E5 4 5 5 5 6 
I 4 5 5 5 6 

7 7 4 4 4 5 
7 7 4 4 4 5 
7E53334 
E:,53334 
1 1 .2. 3 3 3 

5 5 6 3 3 3 
5 3 E5 3 3 3 
5 5 5 3 3 3 
Ij:Ij:5 5 3 3 
1 1 Ij: Ij: 3 4 

5 5 5 5 5 
5 5 5 5 6 
5 5 5 6 6 
5 5 5 5 5 
5 5 5 5 5 

6 7 7 8 8 
6 7 7 7 8 
6 7 7 7 8 
6 6 7 7 7 
6 6 7 7 7 

6 6 6 7 7 
6 6 6 6 7 
6 6 6 7 7 
6 6 6 6 6 
6 6 6 6 7 

8 9 
8 8 
8 8 
8 8 
8 8 

9 10 10 
9 9 10 
9 9 10 
9 9 9 
9 9 9 

5 5 6 6 6 7 7 7 8 8 
5 6 6 6 6 7 7 7 8 8 
4 4 4 4 4 4 5 5 5 5 
4 4 4 4 4 4 5 5 5 5 
3 4 4 4 4 4 4 4 5 5 

3 3 4 4 4 
3 3 3 3 3 
3 3 3 3 3 
3 3 3 3 3 
4433.2. 

4 4 4 4 4 
3 3 3 3 3 
3 3 3 3 3 
3 3 5 3 3 
3 3 3 3 3 

42 44 46 48 50 
7 7 7 8 8 
8 8 8 9 9 
7 7 8 8 8 
7 8 8 8 8 
5 5 5 5 6 

4 4 4 5 5 
3 3 4 4 4 
4 4 7 7 5 
4 4 5 5 5 
5 5 5 6 6 

6 6 7 7 7 
7 7 8 8 8 
8 8 8 9 9 
7 7 7 8 8 
5 6 6 6 6 

6 6 6 7 7 
4 4 5 7 7 
4 4 4 8 7 
5 5 8 E5 6 
6 6 15 6 6 

7 7 8 8 8 
7 7 8 8 8 
7 8 8 8 9 
6 7 7 7 8 
7 7 7 8 8 

111112 12 13 
10 11111112 
10 11111112 
10 10 10 1111 
10 10 10 1111 

9 9 9 10 10 
9 9 9 10 10 
5 5 6 6 6 
4 5 6 6 6 
5 5 5 5 6 

5 5 5 5 5 
3 3 3 4 4 
3 3 3 4 4 
3 3 3 4 4 
.23344 

52 54 56 58 60 
8 9 9 9 9 

10 10 10 1111 
9 9 9 10 10 
9 9 9 10 10 
6 6 6 7 7 

5 5 5 6 6 
4 4 4 5 5 
5 6 6 7 7 
6 6 6 6 6 
6 6 6 6 7 

7 7 8 8 8 
8 9 9 9 10 
9 10 10 10 11 
8 9 9 9 9 
6 7 7 7 7 

7 7 8 8 8 
7 7 7 7 7 
7 7 7 7 7 
6 6 6 7 7 
6 7 7 7 8 

9 9 9 9 10 
8 9 9 9 10 
9 9 9 10 10 
8 8 8 8 9 
8 8 9 9 9 

13 14 14 15 15 
12 13 13 14 14 
12 13 13 14 14 
12 12 13 13 14 
12 12 13 13 14 

10 111112 12 
10 111112 12 
6 7 7 7 7 
6 7 7 7 7 
6 6 6 6 7 

5 6 6 6 6 
4 4 4 4 5 
4 4 4 4 5 
4 4 4 4 5 
4 4 4 4 5 
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HEIGHr OF TERRAIN SHADOW (1000 Fr., MSL) 

Range (Miles) 

Azimuth 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 4o 42 44 46 48 50 52 54 56 58 60 
324 5 5 4 3 3 3 3 3 3 3 3 3 3 3 3 3 6 3 3 4 4 4 4 4 4 5 
328 4 4 4 3 3 3 3 3 3 3 5 3 3 3 3 3 3 6 3 4 4 4 4 4 4 5 
332 4 4 4 4 3 5 4 4 4 4 4 4 4 4 4 4 4 4 4 5 5 5 5 5 5 6 

336 5 5 5 5 5 "6 3 3 3 3 4 4 4 4 4 4 4 4 5 5 5 5 5 5 6 6 
340 ~ ~ ~ ~ "6 "6 4 4 5 5 5 5 5 6 6 6 6 7 7 7 7 7 8 8 8 9 

344 5 5 5 5 6 6 4 4 4 5 5 5 5 6 6 6 6 7 7 7 7 8 8 8 8 9 
348 3 5 5 5 "6 "6 5 5 5 5 5 5 6 6 6 6 7 7 7 7 8 8 8 9 9 9 
352 3 5 5 5 5 4 4 4 4 4 4 4 4 4 5 5 5 5 5 6 6 6 6 7 7 7 
356 3 l ~ ~ ~ .2 3 3 3 4 4 4 4 4 4 4 5 5 5 5 5 5 6 6 6 6 
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.APPENDIX II. DETECTION CAP.ABILITY OF THE AN/TPS-10 DURING 1956. 

The detection capability of the radar system as operated during the 
summer of 1956 was estimated from the radar equation in the form: 

a further simplification was made by using the relationship: 

Na6 = 0.24 x 10-6 wa3 

to obtain the equation Pr 
Pt 

, the form actually used in the 

calculations. In these equations: 

Pr = returned power (watts) 

pt = transmitted power (watts) 

w = water content (f!JIJ./m3) 

R = range to target (m) 

N = number of drops per unit volume 

a6 = mean sixth power of the radii of the scatterers (m6) 

a3 = mean third power of the radii of the scatterers (m3) 

K2 = index of refraction of the particle 

C1 = 8 1T5 ~2 'h Q2 h -
9 A6 

c2 = 4 -6 0.2 X 10 Cl 

~ = apertural area (m2) 

(\ = wave length (m) 

G1 = horizontal beam width (radians) 

G2 = vertical beam width (radians) 

h = pulse length (m) 
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It was assumed that the beam cross section was elliptical, the beam 
filled by the targets, and the attentuation was negligible. The value of 
the radar constant c1 is 13.636 x 1010 since for the TPS-10 

Ql = 2° = 0.03491 radians 

Q2 = 0.7° = 0.01222 radians 

A = 2.05 m2 
p 

h = 300 m 

~ = .032 m 

The values derived from this calculation are the cube roots of the mean 
third powers of the radii. These a~e tabulated below for vario~s ranges and 
water contents, for Pt=47db (5 x 10 watts) and P~43db (2 x 10 watts), and 
for both water drops ~K2=0.9) and ice particles fK-=0.18). The minimum 
detectable returned power was -79db (1.26 x 10-l_ watts). 

Minimum Detectable Drop Sizes for 1956 -

WATER DROP ICE PARTICLE 

w Range RADIUS (1) w Range RADIUS (l, 2 ) 
(gm/m3) (km) (microns) (gm/m3) (km) (microns) 

Pt=47db Pt=43db Pt=47db Pt=43db 

0.5 10 120 163 0.5 10 206 278 
30 250 338 30 428 578 
50 351 475 50 600 811 
70 438 595 70 749 1018 
90 519 704 90 886 1203 

1.0 10 95 129 1.0 10 163 220 
30 198 269 30 339 460 
50 278 377 50 475 645 
70 348 472 70 595 809 
90 412 560 90 704 956 

2.0 10 76 102 2.0 10 130 175 
30 157 213 30 269 365 
50 221 299 50 378 511 
70 276 375 70 472 641 
90 327 444 90 560 760 

(1) Cube root of mean third power. 

(2 ) Equivalent drop size. 
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APPENDIX III. RADAR PERFOBMANCE AND CALIBRATION. 

During the data reduction it was noted that occasionally the scope 
presentation appeared to undergo some kind of transformation. These trans.; 
formations were usually rotation, stretching, or shrinking of the scope pre
sentation. A test to determine changes in scope presentation and height 
calibration with variation in radar control settings was unsuccessful because 
of inadequate illumination of the scope. 

Periods of such malfunctions could be determined by changes in location 
and heights of fixed targets, in location of range lines, and in the out
line of the illuminated region . Spot checks of the film indicated that 
these periods were erratic and generally of short duration. This condition 
was more severe on August 17 than on any one of the other seven days used 
in the analysis. 

There was no apparent method by which the data could be corrected for 
this erratic behavior - or if a method could be devised, correction would 
prove to be a formidable task. It is believed, however, that the errors 
in height measurements due to this erratic behavior are probably not 
serious in the statistical analysis. 

Height Calibration Check 

During the University of Chicago flight operations on August 21 and 23, 
the B-17 flew at constant altitudes over considerable distances at a given 
azimuth. It was therefore possible to use B-17 echoes to check on the 
height calibration in use during the season. The B-17 altitudes were 
11,750, 12,850, and 15,000 ft. The heights at the intersections of three 
identifiable rays and the 20,000 ft. line on the calibration overlay were 
calculated using the B-17 altitudes as references. These calculations 
suggest that the 20,000 ft. level on the overlay may actually have repre
sented a height of about 22,000 ft . , and that the curvature of the overlay 
lines may have been a little too small. However, there were not sufficient 
fixes to establish, with any degree of confidence, the amount of error 
throughout the presentation. 
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