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Abstract 

During the month of July 1960, a mesometeorological field network 

was established in an area of 30 x 40 mi centered around San Francisco 

Mountain, Arizona. Network instrumentation included 33 microbarographs, 

10 hygrothermographs,. 10 Beckman- Whitley wind recorders, . about 165 non

recording rain gauges, and 165 hail gauges. Daily precipitation amounts 

were carefully studied in order to relate them with the characteristics of 

moisture inflow into the network. area. An analysis of the July 22 case over 

the network area revealed that a very small low-pressure area formed over 

the heated side of the mountain slope, providing a field_ of convergence leading 

to the morning cumulus convection • . As time went on, this low dissipated and 

cumulonimbus convection occurred. The mesometeorological network was 

found to be most suitable for the investigation of cumulus to cumulonimbus 

convection over the San Francisco Mountain area. 

*This research was sponsored primarily by the U. S. Air Force Office of 
Aerospace Research (GRD) under contract AF 19(604)7259. Additional support 
was provided by the U. s. Weather Bureau under contract Cwb 9931. 



1. Introduction 

In the summer of 1959, Fujita visited the Flagstaff area, where the 

Geophysics Research Directorate,. the University of Mi.chigan, the Atmospheric 

Research Group, and others were actively participating in a research program 

in cloud physics. Concurrent investigations of meteorofogical conditions in the 

project area were planned in order that each group might benefit as much as 

possible from the overall operation. 

Using five microbar9graphs .operated for about one week during the 

1959 season, Fujita* studied the cha~e in excess pressure along the slope of 

San Francisco Mountain. Results indicated that the excess pressure decreases 

appreciably with altitude. There are,. however, exceptions in which the. excess 

pressure remains high ~ven at the highest level examined, 10, 800 ft ab(Jve sea 

level. 

In San Francisco Mountain, an isolated group of peaks soaring above 

the southwest corner of the. Painted.Desert, . nature provides a favorable labor ... 

atory for cloud production. When a little moisture is available for convection, 

small cumuli form over .the peaks of the mountain--Humphreys (12? 700 ft), 

Agassiz (12,. 350 ft), Fremont (IJ,~, 000 ft), and Doyle. (11, 500 ft)- ~and drift 

away, forming a cloud $treet. Onc·e the moisture inflow from the southeast 

becomes pronounced,. the Peaks play an important role in cwnulonimbus forma -

tion in .the vicinity. Not only thunder ·and lightning activity, . but also hailstorms 

originate over ·the Peaks area very often during the rainy season. 

In 1960 a similar operation was conducted in the area with a network 
' 

of much greater density. This report outlines that <;>peration and gives the 

prelim_inary results of research on the ~ta collected in the field. 

*Preliminary study of pressure, wind, and cloud changes on the slope of San 
Francisco Mountai~>- Arizona. Tech •. Rep. to USWB, Cwb 9762. 
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2. Description of the Flagstaff Network 

The 1960 Flagstaff mesometeorological network designed by the 

authors was operated during the last two weeks of July. The distribution of 

the network stations is shown in Fig. 1. There were about 165 non-recording 

rain gauges, 165 hail gauges, 33 microbarographs, 10 hygrothermographs, 

and 10 wind recorders in the network operated by the University of Chicago 

in cooperation with the U. S. Weather Bureau. Two T-11 cameras and three 

microbarovariographs maintained by the Geophysics Research Directorate, 

together with the network of three whole-sky cameras established by the 

Atmospheric Research Group, added valuable data to the Flagstaff project. 

A list of instruments located at 36 numbered stations is given in Table 1. 

3. Daily Precipitation over the Network 

The network station data were collected daily by project personnel, 

and the operational analysis of the total daily precipitation was completed by 

the end of each day. Figures 2-5 give typical patterns of daily precipitation, 

the movement of which is closely related to the direction of winds aloft. These 

winds transport moisture into the area of the isolated peaks north of Flagstaff. 

It was found that the 600-mb Winds in particular, are of use in predic

ting the amount of rainfall over the network. When the 600-mb wind direction 

was northeast on July 25 (Fig. 2), we had a few scattered showers over the 

leeward side of the peaks. The total rainfall was only a trace . . A rather iso

lated but definite orographic precipitation pattern was observed on July 24 

(Fig. 3) with 600-mb northwest wind • . It should be noted that the extremely 

high convective cloud base (about 15, 000 MSL) prevented formation of showers 

on the windward side of the peaks. The precipitation patterns indicate that a 

cloud which formed over the peaks travelled about five miles downwind 

before rain started. 
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No 

0 

l 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

Height (ft) Instruments 

12, 350 RH, Mb, Ht , W 

7,200 RH, Mb 
•' 

9,500 RH, Mb 

9, 350 RH, Mb, Ht, W 

8,600 RH, Mb, Ht, W, 360 

9,800 RH. Mb 

7, 100 RH, Mb, Mbv, W, TU 

7, 650 RH, Mb, Mbv, W 

6.950 RH, .Mb 

8,200 RH, Mb 

6, 900 RH, Mb, Ht 

7,200 RH, Mb 

6,550 RH. Mb 

7, 200 RH, Mb 

7 , 100 Mbv 

7,200 RH, Mb 

8,000 RH, Mb 

7,000 RH, Mb 

No 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

Height (ft) Instruments 

7, 500 RH, Mb, Ht, W, 360 

8, 800 RH, Mb, Ht 

7, 100 RH, Mb, Ht, W 

7,000 RH, W 

8,300 RH, Mb 

10, 800 RH, Mb, 360 

7,800 RH, Mb 

8,000 RH, Mb 

6, 500 RH, . Mb, Ht, W, 16 

7,000 RH, Mb 

4, 850 RH, Mb, Ht 

5, 700 RH, Mb 

6, 950 Tll 

6, 700 RH, Mb 

7, 300 RH, Mb 

-~ .• 900 RH, . Mb 

7, 750 RH, Mb 

7, 150 RH, Mb, Ht, W 

!-------- - - - ----- ---·-----···- ··--· ····----------- --- --- --------l 

RH = non-recording rain and hail gauges 
Mb = microbarograph 
Ht hygrothermograph 
W = wind recorder 

Tll = T-11 camera 
360 = whole-sky camera 
16 = 16-mm camera 
Mbv = microbarovariograph 

-· ---- ·· ··-- -·---- ---·- ···- ······-······-· ·-·-····- -- ······-· -·-··-····--·-··-·- --·-·--····---------·- - - - ------ ---- - ---' 

Table 1--List of Recording ~tations 



Once the 600-mb wind becomes southerly, however, complicated con,.. 

vective patterns develop which are not directly related to the topography. July 23 

(Fig •. 4) was, for instance, a day of southwest wind. On July .24 (Fig. 5) when a 

20-mph southeasterly wind prevailed at 600 mb during the whole day, a long but 

very narrow (only two miles in width) isohyetal pattern appeared to the south of 

the peaks. Less than 1/ 10 in of rain fell over the peaks, while the areas five to 

ten miles away from them received up to one inch of rain. 

These daily precipitation patterns tell us that even such an orographic 

rainfall associated with a group of isolated peaks is very complicated when _its 

distribution is obtained by a dense station network. 

Using a planimeter, the total daily amount of precipitation over the 

entire area of the Flagstaff network was computed. The maximum daily total 

thus obtained reached as much as 16. 3 megatons on July 26, an amount compa

rable to that of 10 to 15 air-mass thunderstorms over the Midwest. 

The daily precipitation amount (in megatons) over the Flagstaff network 

and winds aloft from the Flagstaff airport are presented in Fig. 6. It will be 

seen that the southerly component of 700 to 500-mb winds is closely related to 

the precipitation amount. The rainy season started on July 18, reaching its 

first maximum on the 22nd, followed by the second maximum on the 26th after 

a short break when the area had been influenced by northwest to northeasterly 

flow. 

Daily precipitation amounts (megatons) for July 15 through 29 were 0, 

0, 0. 04, 0. 3, O. 2, 1. 3, 4.1, 14. 3, . 8. 5, O. 8, 0, 16. 3, 9. 4, 11. 9, and 13. 6, 

respectively. In Fig. 7 these totals are represented in polar coordinates as 

the function of the 600-mb wind of each day. It is evident that the moisture is 

transported from the directions southwest tI:rrough southeast. Probably the 

Rio Grande Valley is the main route of moiswre inflow. On the other hand, 

orography above 9000 ft_ (painted black in the chart) prevents the inflow of 

moisture from the northeast, north, and northwest. It is expected that these 

statistics will be improved when the data from future operations are added. 
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4. Statistics of Elden Mountain Wind 

After the beginning of the network operation, it was found that the 

wind speed at the top of Elden Mountain (9350 MSL) increases appreciably 

after sunset, reaching its maximum shortly before midnight. The recorded 

wind speed was occasionally over 30 mph. 

Mean hourly winds during the period of network operation were com

puted for stations 3 ·(Elden Mountain) and 35 .(Research Center), about three 

miles apart in horizontal distance. Figure 8 reveals the change in these 

mean hourly winds. The wind speed at Research Center, like the other low

level surface stations, shows a maximum around 1400 local time. This is, 

of course, due to the maximum rate of vertical mixing, by which mechanism 

the momentum exchange between the surface and the upper air takes place • 

. Wind speed at the top of Elden Mountain, on the other hand, decreases gradu -

ally after midnight, reaching its minimum (O) around 0900, when both Elden 

and Research Center indicate almost the same wind speed. After 0900 the 

Elden wind picks up, probably as a result of increasing convective storms, 

and reaches .a maximum (N) at 1600, when maximum thunderstorm activity 

is usually observed there. Then, after an insignificant minimum (L), the 

wind speed increases to the nocturnal maximum (M) • 

. Although we failed to obtain wind-speed records from station 0 

. (Agassiz, 12, 350 ft), it is very likely that the nocturnal wind speed at the 

Agassiz top is less than that at Elden • . Pibal observations from Winslow 

(40 mi east) and Phoenix (100 mi south),given in Fig. 9, represent distinctly 

the existence of high nocturnal winds at the low level up to about 1 km or 

3000 ft above the station level. The wind structure greatly resembles the 

low-level jet over the southern Midwest. 

Presented in Fig. 10 are the statistics of direction-frequency and 

mean speed of Elden Mountain winds computed hourly during the entire periqd 

of operation. The direction-frequency diagram reveals that the northeast an~ 

west-northwest winds are most frequent. The mean wind speed for each of 
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these directions shows west-northwesterly winds to be the highest in speed 

and also in frequency. They occur mostly at night and are now known to be 

closely related to the low-level nocturnal jet over southern Arizona. 

5 • . Analysis of the July 22 Storm 

As given in Fig. 6, the day under discussion received 14. 3 megaton~ 

of rainfall, showing the first peak of the 1960 season. The winds aloft, at all 

levels above 700 mb, gradually shifted south-southeast to south to southwest 

during the day. 

The total daily precipitation appears in Fig. 11, in which isohyets 

are drawn for every 1/10 in. It is seen that the maximum amount of rain 

occurred over the peaks area,. where hailstones about 1/ 2-in diameter fell. 

The four-point stars and large black circles indicate the hail gauges with 

impressions of hail stones larger than 1/ 2 and 1/4 in, respectively. 

Photographic records of the cloud development on this day indicate 

that the early morning cumuli over the peaks kept growing while drifting 

northeastward at about 20 mph. The first rain started over the leeward 

side of the slope about 10 mi from the peaks. The rain area then· advanced 

windward gradually until it reached the peaks at about 1430. The peaks 

above 11, 000 ft appeared as if snow covered when the storm was over shortly 

before 1530. 

Deviation Pressure (P - P). Due to the appreciable elevation differ

ence of network stations, it is not practical to reduce station pressures to a 

common altitude. An attempt was made, therefore, to compute the deviation 

of pressure at each station from its daily mean pressure. This deviation 

pressure is defined as (see F ig . 12) 

1 pdt = p - p, .(1) 
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where p is the station pressure. Because of the limited size of the network 

(30 x 40 mi in horizontal dimensions), if p is computed for the period 

t
1 

= 00 MST to t
2 

= 24 MST, we may assume that 

~= qx 

Considering the total space variation of the deviation pressure, we have 

which can be reduced to 

Using the hydrostatic and perfect gas equations, 

h = -;g. t= !E. 
~z rT 

ti = -fg· f = !E 
~z 

- . 
rT 

the total space variation of deviation pressure can be written as 

We now consider the gradient of deviation pressure in the horizontal plane. 

Let the gradient be in .the direction n. Then we may write 

d(p - p) =· lE. + ~g - E.)$ 
dn ~n r T Tdn 
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Investigation of diurnal variation of station pressure and temperature 

shows that the value p/T - p/ T varies during the day as much as 2. 2% and 

1. 0% at the Flagstaff and Elden Mountain levels, respectively. Assuming that 

the slope dz/ dn is in the order of O. 3 near the peaks and 0. 05 in the outer 

areas, the last term of Eq. 6 can be evaluated as 0. 02 mb/ km (0. 2 mb/10 km) 

near the peaks and 0. 01 mb/ km (0. 2 mb/ 20 km) over the other areas. 

Preliminary estimates of d(p - p) I dn revealed that it is usually 

five to ten times larger than the term under examination. It is, therefore, 

possible to reduce Eq. 6 to 

d(p - p) -
dn 

(7) 

That is to say, the horizontal gradient of deviation pressure is considered to 

be that of free atmosphere at the station level. Using this relationship, a 

series of hourly synoptic charts covering the area of the Flagstaff network was 

analysed. 

Slope Heating and Thermal Low. Shortly after sunrise on July 22, 

the entire network as shown in Fig. 13 was relatively calm and there were no 

convective clouds over the area. The chart includes a few isobars of deviation 

pressure contoured for every O. 2 mb. A long wind barb and a flag, r espectively, 

indicate 2 mph and 10 mph. Temperatures entered beside the hygrothermograph 

stations reveal a nocturnal inversion, which was pronounced over the southwestern 

portion of the network. 

Two small cumuli over Agassiz signaled the beginning of daily activity 

of orographic convection (Fig. 14). By this time the elevation angle of the sun 

r eached 42? heating the eastern slope of San Francisco Mountain. The surface 

wind began to show an organized flow pattern. 

A T - 11 photograph from the Flagstaff airport and a 16-mm time-lapse 

film were used in determining cumulus distribution over the peaks area. Of 

extreme importance is the appearance of a small low-pressure area over the 
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eastern slope of San Francisco Mountain (Fig. 15). This low is characterized 

by wind converging toward its center and is comparable in horizontal dimensiOJlS 

to the heated slope. It should be noted that the wind direction at the top of Elden 

Mountain had been shifting toward the low center. 

By 1100 MST (Fig. 16) the thermal low over the southeastern slope 

deepened; its inflow stream lines are indicated by converging arrow13. Assuming 

that the Elden wind represents the converging flow between the 8000 and 10. 000 .. 4 . 
I 

levels, we can estimate the net inflow, 

N = 21T R p 3~0 x A h x v , 
n 

(8) 

where N is the net inflow; R, the radius of the low; J>, the air density; 

e , the total azimuth angle of the convergence area; fl h, the depth of the 

inflow layer; v n, the radial component of the wind. Putting the estimated 

values into the equation, we have 

N = 2 'ii p 3~0 x (4 m i) x . (2000 ft} x (9mph) 

= 3: 0 4. 1 x 10
5 

kg/sec. 

Considering the fact that the west through north boundary of the thermal low 

acts as a restricting boundary to the converging air, it will be reasonable to 

assume 6 . . 180°. Thus we have 

N · • 2 x 10
10 

g/sec. 

The area of the cumulus base inside this thermal low was. appro~mately 

six square miles. It is assumed that the air conver ging into the low rises through 

the cloud base at about the 580-mb level. The- vertical speed through the cloud 

base must satisfy the equation 

N = j>' wA (9) 
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where I'' is the air density at the cloud base; w, the vertical velocity; 

A, the cross section of the cloud base. Inserting the values N ;:; 2 x 10
10 

-3 3 11 2 
g/sec; .J' = O. 75 x 10 g/cm ; A = 9. 2 x 10 cm ; we have 

w • • 30 cm/sec. 

Figure 16 also shows that a line of cumuli is drifting eastward from 

the top of Kendrick Peale. The direction of the line coincideE! with the wind 

direction at the top of Agassiz Peak, 12, 350 ft above sea level. 

Development of Cold Dome. The distribution of cumuli at 1200 MST 

(Fig. 17) implies that small cumuli were forming over the SJ;ea of low qeviation 

pressure and drifting eastward. The first rain observed and photographed by 

T-11 cameras occurred over the area about 10 miles north-northeast of the 

peaks, indicating that the wind at the steering level of the cumulus to cumulo

nimbus would be south-southwest. 

The isobars within the area of the rain-cooled high show the distribu

tion of excess pressure rather than deviation pressure. Using the hydxostatic 

assumption in the equations of motion for such a high would be meaningless, 

because it would naturally result in an appreciable difference in the gradients 

of atmospheric pressure and of deviation pressure. 

Figure 18 presents the situation at 1300 MST when the large areas 

northeast of the pealcs were covered by cumulonimbi, with the front of the 

shower reaching five miles from the peaks. The rain-cooled high, which was 

spreading slowly, was about seven miles across with central excess p;ressure 

of about one millibar. 

Due to the increased amount of cumuli over the pealcs area, the effect 

of slope heating was reduced, resulting in the dissipation of the thermal low • 

. An appreciable increase in the area of the rain,..cooled high took place 

within the hour ending at 1400 MST (Fig. 19). The entire pe~ were by this 

time submerged in the cold dome of air; the rain had not yet reached the pealcs, 
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however. There appeared a new high, "B, " which had separated from the 

original high, "A." Visual observation indicated a heavy rain near the 16-mm 

camera site. 

Vertical Structure of Pressure Nose. A very intense hailstorm was 

in sight over the peaks area for about 30 minutes beginning 1500 MST (Fig. 20). 

The size of hailstones at the top of Agassiz Peak was up to 1/2 in, and the en~ir' 

peaks apove 11, 000 ft appeared to be snow covered after the storm was ov~r. · 

The excess pressures at stations 23 (Doyle Saddle, 10, BOO !t); 2 

(Weatherford Road, 9500 ft); 4, 9, 24, 25, 32 (mean elevation,_ 7980 tt); and 

10, 16, 18, 27, 35 (mean elevation, 7310 ft) show that the high pressure ex .. 

tends to the peaks level (Fig. 21). Especially at the time of the hail, excess 

pressure at all levels is about 1. 0 mb. 

It is of interest to compare this excess pressure distr~bution with 

that obtained during the 1959 season over the same general area. As was 

reported by Fujita i.n the. study referenced above, excess pressure decreases 

appreciably w.ith height. Figure 22 rep·roduces the previous yeal' 's res\Jl,t, 

Iiidicated al~o in the figure by double concentric circles is the mean exc~ss. . 

pre·ssure·. (for July 22) defined by 

AP "' t 1: t j '2 i\ pdt, (lO) 
2 1 tl 

where t
1

, t
2 

are the beginning and the end of the period influenced by the 

high-pressure disturbances. It will be seen that the excess pressure 9n 

July 22 was extraordinarily high compared with the 1959 cases, and that it 

remained high even at the mountain-top level. 

Disintegi:ation of Rain-Cooled Highs. When the m~jority of rain and 

hail storms had dissipated around 1600 MST (Fig. 23), they left three high .. 

excess-pressure areas over the network. The outflow from these highs was 

still pronounced. 

11 



One of these highs started disintegrating when the eastern slope of 

Sall Francisco Mountain was heated by the evening sun after the heavy cumuli 

had dissipated. Evidently high "B, " which had been a single high until 1600, 

was split in half, thus forming B
1 

and B
2 

(Fig. 24). 

Time-Integrated Excess Pressure. For the purpose of finding the · 

combined effect of the amount and the duration of excess pressure over· the 

network, time-integrated excess pressure is, from Eq. lO, 

The unit of this pressure may conveniently be in mb/min. 

Actual values of this time-integrated excess pressure were computed 

for each network station, taking time intervals t
1 

= 12, t
2 

= 18 MST, July 22. 

The -values plotted in Fig. 25 suggest that high "A" formed on the leeward side of 

the mountain. and drifted away to the northeast. Highs "B" an<! "C" do not seem 

to be associated with distinct topographic features. 

Special attention should be paid to the effect of San Francisco and Slden 

Mountains. which rise up inside the dome of cold air, preventing the outflow of 

cold air. Were the mountains high enough to overlook the top o~ the cold dome, 

the excess pressure there would be practically zero. 

6. Conclusion 

The 1960 operation of the Flagstaff network yielded data which are 

highly useful in determining the nature of cumulus to cumulonimbus convection 

within a me$oscale area surrounding isolated peaks such as San Francisco 

Mountain. 

Although the spacing of instruments proved to be adequate t»ong 

existing routes, it will be highly desirable in future operations to increase the 
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number -of routes within the original network area, . Except for microbaro

graphs. more instruments, particularly recording ins~ruments, will thus be 

necessary, 

Since storms in the area often cover a region much larger than that 

immediately surrounding the Pea.ks, it is sometimes difficult to ~tudy them 111 

detail from measurements made within a relatively small network. The addi .. 

tion of an outer network of more widely spaced stations would enable us to 

follow the development of storms from beginning to end. 

Of importance besides daytime storms is the pronounced low .. •evel · 

jet which was recorded continuously at the top of Elden Mountain. ThiB jet 

might give an answer to the occurrence of nocturnal and nonfrontal thunder!" 

storms in northern Arizona. 
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Fig. 13 - - Analysis of Flagstaff Network data for 0600 MST, July 22 
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Fig. 14 -- Data analysis, 0900 
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Fig. 15 - - Data analysis, 1000 
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Fig. 16 - - Data analysis, 1100 
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Fig. 17 -- Data analysis, 1200 
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Fig. 18 -- Data analysis, 1300 
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Fig. 19 -- Data anal . ys1s, 1400 
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Fig. 20 -- D ta a analysis, 1500 
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Fig. 21 -- Time change in excess pressure for various elevations, July 22 hailstorm 
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Fig. 22 -- Comparison of July 22 excess pressures with those of 1959 cases 
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Fig. 23 - - Analysis of Flagstaff Network data for 1600 MST, July 22 
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Fig. 24 -- Data analysis, 1700 
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Fig. 25 -- Time-integrated excess pressure of July 22 storm 
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