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SOME FACTORS IN TUCSON SUMMER RAINFALL 

ABSTRACT 

This report describes an investigation of several synoptic and airmass 
factors as they relate to the occurrence and amount of daily rainfall at Tucson, 
Arizona. Of the variables considered as predictors of rain later the same day, 
three stand out as useful: total precipitable water, Shownlter Stability Index, 
and distance south of the last closed contour of the circumpolar vortex at 500 mb. 
Better than 90 percent correct short-term forecasts appear attainable for occur
rence of rain, while about twice as many correct forecasts as might be expected 
by chance were obtained in forecasting rain amount class. 

I. INTRODUCTION. 

As shown by several authors {Bryson and Lowry, 1955; Reitan, 1957; Jurwitz, 

1953) the summer rains in southeastern Arizona are associated with the presence 

over the state of a tongue of moisture from the Gulf of Mexico and Caribbean Sea. 

This moist tongue usually appears in early July in connection with a large-scale 

readjustment at the end of June. This report deals not with the broad-scale as

pects of this summer rainy season but rather with the details of whether a day 

within this season will actually have rain, and how much, at Tucson. 

July and August, while constituting the summer "rainy season" have only 

about nine days each with more than 0.01 inch of rain. June rarely has more than 

a day or two, and September has about five {Smith, 1956). These figures are some

what misleading, however, for in Arizona rain falls more frequently than it 

reaches the rain gauge and rainfall on the mountains, which is more important than 

that on the valleys, is more frequent than these figures indicate. 

Since summer rainfall in this area is characteristically spotty, for the pur

poses of this report five or six local stations were averaged. The term "average 

rainfall" or "rain amount" will thus refer to the average of the Tucson Weather 

Bureau, University of Arizona, Magnetic Observatory, University Campbell Avenue 

Farm, Sabino Canyon, and Tucson Nursery. Using a logarithmic scale to eliminate 

skewness, the modal value for this average rainfall is between .178 and .316 inches 

per day. However the distribution is not monomodal and other modes lie between 
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.0010 and .0018, and .0100 and .0178 inches per doy. (Figure: 1) ·The suggestion 

1s· strong that three populations are present, rather than just one with random 

scatter about the mean. -- Using the techn.ique of Essenwanger (1954 }· this distribu

tion was reduced to three partial collectives as shown in Table 1. 

TA:m:.E 1 

Frequency Distribution of six station mean Tucson daily rainfall reduced 

to partial collectives. 

Partial Collectives 

Number of cases 

Interval - inches A B C Total Actual 
( logari thlnic) -

.0003 - .0005 2 ""\ 

.ooo6 - .0009 7 J 9 9 

.0010 - .0017 12 1 13 14 

.0018 - .0031 7 3 10 7 

.0032 - .0055 2 9 11 11 

.0056 - .0099 16 16 16 

.0100 - .0179 20 20 20 

.0178 - .0315 16 l 17 16 

.0316 - .0561 9 5 14 16 

.0562 - .0999 3 15 18 20 

.1000 - .1779 1 25 26 24 

.1780 - .3159 25 25 28 

.3160 - .5619 15 15 12 

.5620 - .9999 5 5 6 

1.0000 + 1 1 1 

Per cent 15% 39"/o 45% 100% 

Standard deviation squared 1.00 2.50 l.80 . cleeees 
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Figure 1. Frequency histogram of six-station mean daily rainfall amount, 
Tucson area, July and August. Logarithmic intervals. 
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Tbe significance of this multi·-population composition of the rainfall amount 

frequency will appear, in part, in later portions of this report. 

Two general questions will be considered: 

1) What are the factors leading to the occurrence or non-occurrence of 

rain (as reported at the Tucson Weather Bureau Office)? 

2) What are the factors affecting the mean daily rainfall amount in 

the Tucson area? 

In turn, two types of factors will be considered: 

1) Synoptic factors - either broad-scale or local 

·:2) Local airmass characteristics as they vary from day to day. 

II. SYNOPTIC FACTORS. 

In an unpublished study of factors involved in Wisconsin rainfall the 

author found that in the upper midwest even summer precipitation was closely 

associated with the presence of fronts. In contrast it became quickly evident 

that Tucson rainfall in summer cannot be approached by frontal analysis. Rather 

it is the presence of the deep moist tongue described by Wexler (1938), high 

values of precipitable water (Reitan, 1957), and associated airmass character

istics acted upon by local convergences that produce the precipitation. An 

empirical evaluation of several arbitrarily chosen synoptic measures follows. 

A. Wind nirection. Since the moisture from the southeast has been found 

necessary for the summer rains, it might be expected that there would be found 

a relationship between rain occurrence and wind direction aloft. 

Table 2 was constructed using the 500 mb wind direction and occurrence of 

rain and/or lightning at either the Phoenix airport or city offices. It was as

sumed in the construction of the table that distant lightning meant convective 

rainfall somewhere in the area, while rain without lightning either near or far 

might be associated with the passage of troughs in the westerlies to the north. 
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TA:BLE 2 

Wind Direction at 500 mb versus Rain and Lightning at 

Phoenix 

Rain with lightning No rain 
500 mb wind or lightning or lightning 

E 2 0 

SE 39 7 

s 10 13 

SW 15 47 

w 1 5 

NW 7 13 

N 1 1 

NE 13 11 

Total cases 192 ?< 2 =-48 

July and August 1950-53 P( 0.001 

Rain 
only 

0 

2 

1 

4 

0 

0 

0 

0 

Phoenix was used rather than Tucson in this case for data considerations, 

but the results should be valid for either station. It is evident from the table 

that southeast winds are conducive to convective precipitation. On _the other 

hand southwest winds may be associated with deep troughs which bring moisture 

from the southern North Pacific (and the associated rains without lightning), or 

the upper southwesterlies may have come around a trough to the west but from the 

cold northern North Pacific and thus be dry by the time the air reaches Arizona. 

This idea is at least not refuted by Table 2. Other wind directions and rain are 

associated in a random manner, each box in the contingency table having nearly the 

expected number of cases. If during the period July and August 1950-53 rain had 
been forecast when the wind at 500 mb was from E or SE, no rain with wind from W 
or SW, and a coin had been flipped for other cases about 74 percent correct fore
casts would have been made. 
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B. · Distance to edge of Vortex. It bas been suggested by Miller (1956) that 

the distance to the edge of the circumpoler vortex is a parameter important to pre

cipitation in the Sierra Nevada, California. As related to Tucson rainfall, the 

results were useful but not comparable. The distance to the edge of the circumpolar 

vortex was taken to be the shortest distance, measured in degrees of latitude, to 

the last clpsed 500 mb contour circling the pole, at least in this hemisphere. for 

summer rains greater distance, rather than less, enhanced the likeli}:tood of precipi

tation. 

The contingency table of Table 3 illustrates this relationship, again using 

Phoenix rather than Tucson for data reasons. Significance well beyond the 0.1 per

cent level is indicated. This mf course merely confirms the idea that the summer 
rainfall is associated with the moist tongue around the west end of a subtropical 
anti-cyclone -- a synoptic pattern inconsistent with·the close proximity of the 

main westerly belt at 500 mb. On the other hand rain without lightning in August 

is occasionally associated with deep lows aloft, of tropical origin probably, but 

passing over the state with the westerlies far south. This appears in the table. 

Dist from Vortex 

TABLE 3 

Distance to Edge of Circumpolar Vortex at 500 mb 
versus Rain and Lightning at Phoenix 

A B C 
Rain and Lightning No Rain or Rain, but 

D 
Lightning 

in degrees or lightning lightning no lightning but no rain 
-1 - 0 0 3 1 0 

1 - 2 0 2 1 0 

3 - 4 5 13 1 3 
5 - 6 9 17 4 5 

7 - 8 27 19. 1 14 

9 - 10 28 15 2 18 

11 - 12 51 22 1 21 
13 - 14 13 7 1 7 
15 - 16 1 4 0 0 

17 - 18 1 0 0 0 

For column A, B, C and grouping distance groups by pairs, the observed infor-
formntioµ rntio is o.o6o, while the expected value would be 0.013 and the·. value for. 
significance at the O.l per~~~t *~vel is 0.044. 
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In.Figure 2 the distance to the edge of the vortex is compared with the per 

cent of Arizona stations reporting rain for the day (Raininess Index). The distri

bution of points on this scatter diagram makes sense when Table 3 is taken along 

with the observation that Arizona extends about two degrees north of Phoenix and 

about one degree south. Thus at about seven and one-half degrees distance to the 

vortex about half the maximum number of stations should report rain. This maximum 

appears to be about 75 percent. 

· C. Curvature. The curvature of the upper flow pattern was tabulated and 

tested, but appeared to be of little significance to the problem at hand .. It may 

be on the local scale, but no information is available. 

D •. Shear. The vertical wind shear between 700 and 500 mb is a synoptic par-

ameter which has been suggested as asserting a control on the amount of rain. In 

Table 4 the shear, divided into logarithmic classes is compared with the logarith

mic rainfall class. Taken as a whole the relationship seems rather random, but 

taking the partial populations of Table I versus shear yields a highly significant 

relationship. It appears that the shear associated with population C is less than 

that associated with B. In other words, for maximum rainfall the convective clouds 

must not be sheared apart. On the other hand population B, heavier than A, is as-

sociated with more shear. This suggests that since advection of moist atr is asso

ciated with summer rains in Tucson, population B represents the normal rainfall dur• 

ing strong advection which then shifts to C as the shear decreases, while A repre

sents stagnant situations with small amounts of rain wrung from the air by local 

convection., 

Alternate explanations are of course possible. For example, A may represent 

the normal convective rainfall from local heating and topography; C the rains which 

are associated with easterly wave passages; and B, those associated with trough 

passages in the westerlies to the north -- both Band C being superimposed on the 

A situation. The correct answer remains to be discovered. 
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Figure 2. Scatter diagram of Arizona ra1n1ness index 
versus distance from Phoenix to the last closed contour 
of the circumpolar vortex at 500 mb. July and August 1953. 
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TABLE 4 

700-500 mb Wind Shear versus six station mean daily 

Rainfall Amount - Tucson 

1.0 1.5 2.2 

0 0 2 

0 1 0 

0 0 2 

- .. 
0 0 0 

0 1 0 

0 l l 

0 0 0 

2 l 0 

0 2 l 

0 2 0 

1 1 0 

0 0 2 

0 0 0 

0 0 0 

Shear (Knots) 
3.2 4.7 6.9 

0 1 

3 2 

2 2 

0 1 

1 3 

l l 

0 3 

1 3 

2 3 

4 4 

1 2 

0 1 

1 1 

1 0 

10.0 14.7 

1 0 

1 0 

0 0 

l 0 

1 l 

2 1 

2 0 

1 1 

-
2 1 

4 0 

2 0 

2 0 

1 0 

0 0 

21.7 

0 

0 

0 

0 

1 

0 

0 

0 

0 

0 

0 

0 

0 

0 

Grouping rainfall by partial populations A, B, and c, 
array is significant by information ration test well beyond 0.1 

percent level. 

A 

B 

C 
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III. LOCAL AIRMASS FACTORS. 

A. Freezing Level. Objective forecasting studies in the upper Midwest 

suggest tbe.t the height of the freezing level is an important factor in the oc-

,: currence of summer rain. This, however, is a parameter which varies with the air• 

mass present over the station. In this respect, Arizona synoptics are simpler, 

and it might be assumed a priori that freezing level would not be a significant 

parameter at Tucson. 

Statistical analysis, in fact, shows that this is true and the relation be

tween freezing level and rainfall appears to be quite random. There are interest

ing variations in freezing level during summer, however, which deserve future 

study. 

B. Precipitable Water. The studies of Reitan (1957), Bryson and Lowry 

(1955) and Reynolds (1956?) all point up the importance of precipitable water or 

other measures of water vapor content to the local Tucson rainfall. Several 

measures have been used, but they are so closely inter-related that there is 

little to recommend one in preference to others. 

The precipitable water values used by Reitan will be employed here neverthe

less. Table 5 illustrates the highly significant relation between precipitable 

water and the occurrence of rain. It is immediately apparent that there are at 

least two populations of precipitable water values -- that associated with no 

rain, and that (or those) associated with rain. This multimodal character of the 

parameter appears in the frequency histogram of Figure 3. 

It i~ apparent from Table 5 that forecasting no rain with 1.00 inch or less 

of precipitable water or less, and rain in the area (rain or lightning observed) 

with more than 1.00 inch will give 94 percent hits, while forecasting actual rain 

at the Weather Bureau on this basis will give only 77 percent hits. 

Precipitable water as a predictor for rain amount will be covered in connec

tion with the Showalter Stability Index in following paragraphs. 
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Figure 3. Frequency histogram of total precipitable water above Tucson, July and August. 
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TABLE 5 

Frequency Distribution of Precipitable Water 

Versus Rain Occurrence -- Tucson 

July and August 

Precipitable No Lightning Total 
Water Rain Only Rain cases 

inches 

2.21 - 2.40 0 0 0 0 

2.01 - 2.20 0 1 3 4 

1.81 - 2.00 1 5 21 27 

1.61 - 1.80 0 2 24 26 

1.41 - l.60 2 9 21 32 

1.21 - 1.40 3 7 21 31 

1.01 - 1.20 4 2 13 19 

0.81 - LOO 1 2 3 12 

0.61 - 0.80 6 0 0 6 

o.41 - 0.60 11 0 0 11 

0.21 - o.4o 0 0 0 0 

Chi - square 7 100 P<< .001 

C. Showalter Stability Index. This index in common use by the Weather 

Bureau is found by lifting the parcel at 850 mb to its condensation level dry 

adiabatically, then to 500 mb moist adiabatically. The difference between the 

observed 500 mb temperature and that of this hypothetical 850 mb parcel when it 

reaches 500 mb is called the Showalter Stability Index. Negative values (ambient 

cooler) indicate instability. Typical summer values average slightly negative at 

Tucson while winter values run positive 5-15 degrees. (Figure 4) 
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While very significant as a predictor, the Showalter Stability Index (SSI) 

is not truly independent of the precipitable water, and thus adds but little ac

curacy in specification of rain occurrence. It appears from Figures 5 and 6 that 

97 percent correct can be reached in July and about 90 percent in August for "No 

Rain" versus "Rain or lightning" at the Weather Bureau. 

As predictors of rain amount., the Showalter Stability Index and Precipitable 

Water were used together. Figure 7 illustrates the relation that was found after 

careful plotting and smoothing of a curve of cumulative average rainfall for each 

SSI value. These curves of cumulative average daily rainfall (six stations) 

versus precipitable water, show that the plateau across the array at about 1.3 

inches of precipitable water is present for several i_ndependent samples and there

fore probably real. Other odd wiggles of the isolines are probably not real, but 

reflect inadequacies of the data, though the multimodal distributions of SSI and 

precipitable water (Figures 3 and 4) would suggest otherwise. 

An especially interesting feature of Figure 7 is the evidence that even below 

precipitable water values of 1.00 inch, rain is possible if the air is neither 

too stable nor too unstable. Perhaps if the air is too unstable (SSI negative) 

cloud cells entrain dry air too fast and dissipate. On the other hand not until 

the precipitable water exceeds 1.4 inches does the rain amount vary directly with 

the water content. 

Unfortunately, data of the sort used in this section of the study is of short 

duration and no independent set of data for testing is available. This test must 

await the summer of 1957. 

IV. PREDICTION TESTS. 

Prediction tests for occurrence of rain or rain amount have not been made for 

lack of independent data. Indications of the level of accuracy possible were sug

gested by examination of the developmental data but real testing must await new 

data. 



I 
\ 

( 

-en 
(\) 

L 
u 
C -
L.. 
(\) 

-+-
0 
s 

(\) 

..0 
0 

-+-

~ 

u 
(\) 
L.. 

(L 

0 
-+-
0 

r-

- 15 -

•-Rain 
2.00 • • x-Lightning -• • \ 

1.50 

I • • • • o-None • I • I • • 
I· X 

• i 
~x ! • • ' . JC. I • ! i • I., I • I X 

X 0 0 • • 0 
1.00 I II 

I • 
X e 

0 
0 

0 

8 0 

I 
0 0 

.50 0 o o-ocro 

0 55 0 5 10 

Showalter Stability Index 15 Z 

Figure 5. Scatter diagram of total precipitable water 
versus Showalter stability index at Tucson, July, 
stratified according to associated weather. 



en 
(\) 

..c 
u 
C -
L. 
(\) ...... 
a 
s 

(\) 

..0 
a ...... 
a. 
u 
(\) 
L. 

Q_ 

a ...... 
0 

I-

• 2.00 1------+---• !.-• 
X 

•i"x I 
,I. ~~I • • 

- 16 -

• 

•-Rain 

x-Lightning 

o-None 

-

.•:•xi• 
• •• 1.50 _____ ..,_ __ x : : 1

1
---~0 ---+------+------1 

X e ~ e O X 

e X e 
e e X X • X Oe e ••••• 0 • • I 

I 00 _____ ..,_ ___ •-..--..-.,....---.+------+-----~ 
. oo~•oo 

0 

0 

I 
0 

0 

.50 i------,6..-----,6..-----,6..----0-,6..-------1 

0 55 

Showalter 
0 

S tabi I itv 
5 

Index 
10 

15 Z 

Figure 6. Scatter diagram of total precipitable water 
versus Showalter stability index at Tucson, August, 
stratified according to associated weather. 



( 

-Cl) 

(\) 
L 
u 
C -
L.. 
(\) .... 
0 

3 
(\) -..D 
0 ..... 
a. 
u 
(\) 
L. 

(L 

C ..... 
0 
~ 

- 17 -

2.00 

.06 
.04 

.02 
.01 

0 

1.50 

.02 

.01 

1.00 0 

.50 

56 55 54 5.3 52 51 50 01 02 0.3 04 05 06 

Showalter Stability Index 15 Z 
Figure 7. Variation of six-station mean daily rainfall amount 
at Tucson as a function of total precipitable water and 
Showalter stability index. July and August data, smoothed 
on plots of cumulative rain amount versus precipitable water 
for fixed stabilities, then further smoothed by averaging 
values for adjacent stabilities. 



-18-

However, some attempts at forecasting the rainfall amount class for the 

whole day, using the morning values of the chosen predictors were made. The 

results are presented in the following paragraphs. The methods outlined by 
, 
I Lund and Wahl (1955) were used. 

The contingency tables used are presented in Tables 6 - 11. In order to 

test the tables on independent data, the tables for July were used to forecast 

the first half of August, and the tables for August were used on the last half 

of July. By chance, since five nearly equally probable classes were used, about 

20 percent correct forecasts should be expected. The actual number of exact 

class hits was 39 percent, or nearly double chance. It remains to be seen how 

closely the actual amount forecast (using the mean class amount) would compare 

with the observed mean for a month. Preliminary indications, too sketchy for 

lengthy comment suggest that the predictors described in this report might 

specify the number of days of rain per month and the amount per month to within 

20 percent or so. If so, this would represent a useful reduction of variance 

which would shorten the time required to evaluate a cloud seeding experiment. 

Table 12 summarizes the results of this test. 
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TABLE.6 

Contingency Table for Predicting Tucson Local Rainfall Class 

July -- Precipitable Water 

1.00 

1.00-1.25 

1.26-1.46 

l.47-1.77 

1.78 

Six Station Mean Daily Rainfall - Inches 

No Rain .001 .011- .039 •• 126 
-.010 .038 .125 and more 

14 3 - - -. 

5 5 5 - 2 

2 4 4 5 2 

- 4 4 6 3 

- 1 2 5 9 

21 17 15 16 16 

17 

17 

17 

17 

17 

85 cases 

Corresponding Norinalized Contingency Ratios 

3.86 .88 - - -

1.23 1.47 1.58 - · .65 
: 

.36 1.17 1.29 1.52 .65 

- 1.17 1.29 1.60 .93 

- .29 .71 l 1.52 2.90 

.. 
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TABLE 7 

Contingency Table for Predicting Tucson Local Rainfall Class 

July ~A ShbWlter Stability Index 

02 or 
more 

00 and 
01 

51 

52 

53 or 
less 

Six Station Mean Daily Rsinfall - tncbes 

No Rain .001 .011- .039- .126 
-.010 .038 .125 and more 

16 2 1 1 2 22 

3 5 3 5 3 19 

1 3 5 4 5 18 

- 4 5 3 4 16 

1 3 1 3 2 10 

21 17 15 16 16 85 cases 

Corresponding Normalized Contingency Ratios 

.. 

3.42 .38 .22 .17 .43 

.57 1.32 .89 1.41 .84 

-· 

.11 .83 1.56 1.18 1.47 

- 1.24 1.70 .99 1.31 

.49 1.38 .69 1.44 1.04 
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TABLE 8 

Contingency Table for Predicting Tucson Local Rainfall Class 

July -- Distance to Vortex 

0° to 
30 

4° to 
70 

8° and 
90 

10° and 
11° 

12° to 
14° or 
above 

Six Station Mean Daily Rainfall - Inches 

No Rain. .001 
-.010 

8 2 

1 3 

3 1 

1 3 

1 1 

14 10 

.011- .039- .126 

.038 .125 and more 

- - 1 

-

1 2 2 

5 3 3 

4 7 1 

- 2 6 

10 14 13 

Corresponding Normalized Contingency Ratios 

3.19 1.09 - - .44 

.53 1.80 .76 .97 1.04 

.85 .41 2.04 .85 .93 

.11 1.14 1.53 2.11 .17 

.46 .69 - .88 2.68 

11 

9 

15 

16 

10 

61 cases 
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TABLE 9 

Contingency Table for Predicting Tucson Local Rainfall Class 

August -- Precipitable Water 

.47-1.14 

1.15-i.40 

1.41-1.60 

1.61-1.79 

1.80-

Six Station Mean Daily Rainfall - Inches 

No Rain .001- .009- .053- .187 
.oo8 .052 .186 and' more 

12 - 1 2 1 

3 7 2 4 -

2 6 5 2 1 

2 1 7 2 4 

2 2 1 5 6 

21 16 16 15 12 

Corresponding·Normalized Contingency-Ratios 

3.12 - 0.32 0.69 . 0~50 

0.77 2.17 0.63 1.32 -

o.41 1.86 1.55 0.69 0.50 

o.41 0.32 2.17 0.69 1.57 

o.41 0.63 0.32 1.64 2.29 
.. . -· 

16 

16 

16 

16 

16 

Bo cases 
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TAm.E 10 

Contingency Table for Predicting Tucson Local Rainfall Class 

August -- Showalter Stability Index 

01 or 
more 

00 

51 

52 

53 or 
less 

Six Station Mean Daily Rainfall - Inches 

No Rain .001- .009- .053- .187 
.0o8 .052 .186 and more 

9 2 2 4 -

2 6 2 3 3 

6 4 5 1 2 

4 3 3 5 3 

- 1 5 2 4 

21 16 17 15 12 

17 

16 

18 

18 

12 

81 cases 

Corresponding Normalized Contingency Ratios 

2.21 0.59 0.54 1.26 -

o.41 1.88 0.59 1.01 1.22 

1.34 1.13 1.34 0.29 0.51 

0.82 0.83 .78 1.50 0.81 

- 0.51 1.86 0.92 1.92 
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TABLE 11 

Contingency Table for Predicting Tucson Local Rainfall Class 

August -- Distance to Vortex 

5° or 
less 

60 -
70 

90 -
10° 

11° or 
more 

Six Station Mean Daily Rainfall - Inches 

No Rain .001- .009- .053~ · .187-
.008 .052 .186 and more 

13 1 3 - 3 

10 6 4 1 2 

2 5 3 4 -

3 5 6 4 3 

3 5 2 4 1 

22 18 13 9 

Corresponding Normalized Contingency Ratios 

2.27 0.12 0.76 - 1.39 

1.43 1.12 0.89 0.36 0.91 

o.46 1.48 0.90 1.75 -

0.22 1.05 1.49 1.32 1.35 

. 

0.54 1.39 0.73 1.68 .80 

20 

23 

14 

21 

15 

93 cases 
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TABLE 12 

Results of Test of Contingency Tables of Tables 

6 - 11 as Predictors of Local Rainfall Class. 

Observed Class 

l 2 3 4 5 

1 4 0 0 0 0 -.:.--

2 8 5 2 3 2 
f/) 
fl) 
ro 3 l 8 9 4 1 rt 
t.l 

rd 
Q) 4 2 3 4 3 4 .p 
t.l 

,,-j 
rd 
(I) 

5 2 l 2 1 10 
,... 

11,t 

x-2 = 43 P<< .001 

Exact hits (diagonal} 31 

Random (expected) hits 16 

Classes as given in previous tables. 
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