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THREE-DIMENSIONAL GROWTH CHARACTERISTICS OF AN 

OROGRAPHIC THUNDERSTORM SYSTEM1 

Rodger A. Brown 

Department of the Geophysical Sciences 

The University of Chicago 

Chicago, Illinois 

ABSTRACT 

A thunderstorm, which developed over the San Francisco 
Peaks near Flagstaff, Arizona on 1 August 1961 , is studied with 
the use of surface stereo-pair and aerial photographs. The 
photographs are used to investigate both the vertical growth rate 
of the tops of numerous cloud elements and the rate of increase 
of mass within the entire cloud system. Photographic evidence of 
the unique cloud feature which signifies the transition from a 
cumulus congestus into a cumulonimbus is presented. Analyses 
of surface data from the mesometeorological network around the 
Peaks reveal that the precipitation area remained near the lee -
ward slopes as the mountain-anchored cloud mass extended 
to the north. Based on this and previous studies, the energy 
available for the growth of cumuli and cumulonimbi are deter
mined; values of the order of 102 2 ergs for cumulonimbi agree 
with values obtained by Braham (1952), who used an entirely 
different approach. The Appendix contains a detailed description 
of the photogrammetric techniques used to obtain measurements 
from the clouds seen in the aerial photographs . 

1. Introduction 

Mountain ranges play an important role in the summer convective activity that 
occurs in the western and southwestern regions of the United States. Solar heating 
of mountain slopes, together with the less important orographic lifting of air, initiates 
a valley-breeze circulation which serves to transport moist, buoyant air into the 

1The research reporte d in this paper has been partially supported by the Air 
Force Cambridge Research Laboratories of the Office of Aerospace Research, USAF, 
Bedford, Mass. , under Contract No. AF19(628) 4807 and partly by the National Severe 
Storms Laboratory, Environmental Science Services. Administration under Grant 
Cwb WBG-70. 



atmosphere above the slopes, where it condenses into cumulus clouds. 

The mountains of Arizona have become popular locations in the past decade 
for studies of orographic cumulus and cumulonimbus activity. Braham (1958), Anderson 
(1960), Silverman (1960) , Braham and Draginis (1960), Orville (1965), 
Battan and Theiss (1966) and others have used the Santa Catalina Mountains near Tucson 
to investigate the physics and dynamics of clouds. Braham (1958) found that radar 
echoes formed over the higher mountain peaks about 30 times more frequently than 
they formed over the adjacent lowlands. Anderson (1960) and Orville (1965) have used 
photogrammetric techniques to study the pulsating growth of cumuli over the mountains. 
With a vertically pointing Doppler radar located in the mountains, Battan and Theiss 
(1966) measured vertical motions in the thunderstorms that develop from the cumuli. 

Silverman (1960) and Braham and Draginis (1960) used several series of air-
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craft passes at various altitudes (five between 3. 0 and 4. 3 km, msl) to study temperature 
and moisture fluctuations caused by the heated mountain slopes (1.0 to 2.8 km, msl). 
Even though the effects of the heating were apparent in Silverman's data, no cumuli 
formed; however, clouds did develop on the day investigated by Braham and Draginis. 
Silverman attributed the lack of formation to general subsidence that was occurring over 
the area. 

In northern Arizona, Fujita, Styber, and Brown (1962), Glass and Carlson (1963), 
Bradbury and Fujita (1964), Todd (1964), Brown and Fujita (1965), and others have made 
similar studies of clouds over the San Francisco Peaks near Flagstaff. Fujita, Styber, 
and Brown (1962) used a mesometeorological network around the Peaks to study the 
influence of convection and thunderstorm precipitation on weather conditions on the 
ground. Glass and Carlson (1963) and Brown and Fujita (1965) investigated the growth 
of cumuli and cumulonimbi, respectively, through the use of photogrammetry. Bradbury 
and Fujita (1964) used U-2 cloud photographs to measure the distribution and movements 
of clouds over the Peaks. Todd (1964) combined vertical velocity measurements with 
photographic data to determine the growth characteristics of a developing thunderstorm. 

This paper is concerned with the growth characteristics of a three-dimensional 
thunderstorm, i.e. , a thunderstorm for which there are measurements in all three 
dimensions. As might be expected, such a study would require the combined use of 
both surface and aerial cameras; data were available for a thunderstorm system which 
developed over the San Francisco Peaks on 1 August 1961. The photogrammetric data 
provide vertical growth-rate information and allow the entire mass of the developing 
thunderstorm to be computed. Both the rate of mass increase and the amount of energy 
available for the storm are compared with respective values for other clouds ranging 
from small cumuli to cumulonimbi. The influences of the thunderstorm on surface 
conditions are revealed by analyses of data from the mesometeorological network. 

2. Description of the experiment 

The major goals of this study, or field experiment, were to determine various 
characteristics of the three-dimensional growth of a thunderstorm system and to investigate 
the subcloud mesosystem that was produced by it. 



The various types of data that were collected in the field operation are shown 
in Fig. l. Note that the instrumentation was set up around the San Francisco Peaks 
north of Flagstaff, Arizona. During the summer "monsoon" season, with its moist 
air moving into the region from the Gulf of Mexico to the southeast, hail -producing 
thunderstorms develop almost daily over the Peaks in the late morning and early after
noon. 

The surface camera locations are indicated in the figure by A, B, and C. A 
s tereo-pair of T-11 cameras operated by the Air Force Cambridge Research Labor
atories were located at A and B. Camera C was a 16-mm time-lapse camera operated 
by the University of Chicago. 
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The vario.us weather instruments in the University of Chicago's mesometeorologica.l 
network are identified in the legend of Fig. l. The network consisted of 43 microbaro
graphs, 19 hygrothermographs , 10 wind equipment sets, 7 r ecording raingauges, and 
205 nonrecording rain- and hailgauges. The raingauges wer e plastic pill bottles partially 
filled with diesel fuel to prevent evaporation and the hailgauges were pieces of aluminum 
foil over padded pieces of wood; these gauges were checked once a day. A more detailed 
description of these nonrecording gauges is given by Styber (1961). 

Of especial importance to this study was the Air Force Cambridge Research 
Laboratories' C-130 aircraft, which made cloud physics measurements, and took 
photographs as it flew around the developing thunderstorm system; the flight lasted 
from the time that the first small cumuli started to appear over the Peaks until after 
the full-fledged thunderstorm had been in existence for over an hour. It was originally 
anticipated that triangulation measurements of the clouds could be performed between 
the aerial and surface photographs. Howeve r , this proved to be impractical because it 
was virtually impossible to identify the same point on a give n cloud from the aerial 
camera above and a ground camera below. Suffice it to say that triangulation was 
accomplished between stereo-pair cameras A and Band between photographs taken from 
consecutive , or nearly so, aircraft positions. The photogrammetric r eduction techniques 
employed in this s tudy are outlined in the Appendix. 

The day chosen to perform the experiment was 1 August 1961. Over the south
western United States at the time of the study , the winds were generally from the 
south-southeast at all levels from 3 to 14 km. The wind observations made at Flagstaff 
on 1 August are shown in Fig. 2; the three rawinsonde observations were released at 
camera s ite A by U. S. Air Force personnel and the short double theodolite observation 
was made at mesonetwork station D by the University of Michigan. 
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3. Cloud growth and associated surface features 

Sequence of events in growth of cloud system. At sunrise (shortly before 0600 
MST), the only clouds in the sky were scattered layers of altocumulus to the north and 
southeast of the Peaks. They moved generally northward during the following hours 
and had mostly disappeared by 0900. 

At 0800 the first small fragments of cumuli (see Fig. 3) had appeared over 
the eastern slopes of the San Francisco Peaks, Kendrick Mountain, and Sitgreaves 
Mountain (refer to Fig. I for locations). Half an hour later both Kendrick and Sitgreaves 
Mountains had a small organized cumulus associated with them; those over the Peaks 
had not yet become organized. By this time a few cumuli had started to appear over 
the valley areas. Since this study is dealing only with the cumulonimbus that developed 
over the Peaks, no detailed reference will be made to those developing elsewhere in 
the region. 

By 0845 the separate cumuli over the Peaks had developed into one cumulus 
congestus. During the next 15 minutes, a series of cumulus clouds formed upwind 
and dissipated downwind. The ·end result was the formation of the first organized, 
bubbling mass of cumulus congestus (Fig. 4). Its rapid vertical growth produced some 
pileus about 0905, but soon after that it lost its buoyancy and started to disintegrate, 
carried off to the north by the winds . 

By 0915, a second major congestus growth became evident over the southeast 
corner of the Peaks. Two major cells that formed this congestus initially competed 
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for dominance, with the upwind cell finally taking over. The entire mass of the congestus 
increased while the upwind cell grew and by 0930 the entire congestus had grown into 
a large, tall cloud mass. 

As this was happening, a third, almost unnoticed congestus had started to grow 
over the same corner of the Peaks where the previous two had formed. By 0945, this 
latest congestus had grown to nearly the same height as its immediate predecessor and 
the two large mounds of cloud now shared a common base. Away from the Peaks, 
large and more numerous cumuli had appeared. 

At 0950 the second congestus , which had started to dissipate, became rejuvinated 
and joined the third congestus in one organized growing system. Instead of having the 
major growth taking place on the upwind end of the cloud system, the most vigorous 
growth occurred along the top of the newly organized mound (see Fig. 5). While all of 
this was going on, there still was convective activity taking place along the upwind edge 
of the northward-moving system (Fig. 6); these newer growths merged into the main 
mass of cloud. 

About 1015 a layer of pileus started to form over the highest parts of the clouds 
(see Fig. 7). As the pileus persisted above the main cloud mass, a fourth sizeable 
congestus formed upwind and rapidly grew to such a height that it easily merged with 
the main mass. The mound of clouds continued to expand beneath the spreading pileus 
(see Figs. 8 and 9). Finally at 1100, just as small cumuli started to obscure the main 
mass from the T-11 stereo-pair cameras, a few vigorous turrets broke through the 
pileus veil. 



At the same time that the stereo-pair cameras could no longer see the main 
cloud mass over the Peaks, the C-130 photographs were also becoming unusable either 
because the increased number of small cumuli were obscuring the ground (the aircraft's 
position could not be pinpointed) or because so much of the ground and lower clouds 
were in the shadow of protruding portions of the cumulonimbus . Therefore this paper 
will deal with the growth of the storm from its inception until 1100; mass measurements 
will cease at 1030 due to insufficient data for reconstructing the three-dimensional 
shape of the cloud at later times. 

Two revealing photographs taken from the C-130 after 1100 are shown in Figs. 
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10 and 11. The first picture was taken at 1116 from beneath the anvil overhang to the 
north of the storm and, looking upwind, shows the rather clear-cut eastern edge of the 
cloud system. Figure 11 was taken at 1129 as the C-130 was passing over Flagstaff 
Airport (camera site A) and presents a good final look at the entire horizontally expanding 
storm. Note that the upwind end of the cumulonimbus, which is still over the Peaks, 
is the region of active growth. 

There is one feature in the development of the thunderstorm system which appeared 
soon after 1000 and which has not been mentioned yet- - the mid-level spreading of a 
thick anvil on the downwind end of the cloud. Figure 6 shows what appears to be the edge 
of an anvil ; it is that part of the cloud which is sticking out to the west (left) just above 
the apparent horizon. The progressive growth of the anvil is indicated in Figs. 7 and 11, 
which were taken from the same direction as that shown in Fig. 6. The anvil on the 
eastern side was not as pronounced initially (Fig. 8), but later it showed considerable 
development (Fig. 10). 



Fig. 3. Aerial photograph of small cumuli developing over San Francisco Peaks at 

0814 MST on l August 1961. Aircraft was to southeast of Peaks . Courtesy of Dr. Robert 

M. Cunningham. 

Fig. 4. Mass of clouds over the Peaks at 0900, as seen from camera site B. Courtesy 

of Morton Glass. 
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Fig. 5. Aerial photograph of the cloud mass over the Peaks, as seen to the west of the 

C-130 at 0956. Hazy.looking cloud structure at right is of unknown origin. Courtesy 

of Dr. R . M. Cunningham. 

Fig. 6. Aerial view of cloud mass and smaller cumuli, as seen from an upwind position 

at 1008. Courtesy of Dr. R. M. Cunningham. 
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Fig. 7 . Cloud development at 1020, as recorded at camera site B. Courtesy of M. Glass. 

Fig. 8. Expanding cumulonimbus over the Peaks at 1035; the aircraft was southeast of 

the mountain. Note other thunderstorms in background. Courtesy of Dr. R. M. 

Cunningham. 
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Fig. 9. Pileus-capped upwind end of thunderstorm , as seen from camera site A at 

1050. Courtesy of M. Glass. 

Fig. 10. Aerial photograph looking upwind along the ea ste rn edge of the thunderstorm 

(1116 MST). Courtesy of Dr. R. M. Cu!Ulingham. 
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Fig. 11. Growing thunderstorm as seen at 1129 from above camera sites A and B. 

Courtesy of Dr . R . M. Cunningham. 
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Influence of a mountain on convection. MacCready (1955) has discussed the 
relative influences of mountains and valleys on convection. He points out that early 
in the day, the sun's rays are more perpendicular to the slopes of a mountain than to 
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level ground and therefore the slopes receive the greater amount of radiation per unit 
area. Convective currents then develop above the region of maximum heating and cumulus 
clouds form when the currents reach the condensation level. The continued convection 
is reflected on the surface by the formation of a low pressure area complete with con
vergent winds. Fujita, Styber , and Brown (1962) have shown that the surface low can 
appear about three hours after sunrise and move from eastern to southern slopes with 
the .sun; the low becomes more widespread and intense as it moves. 

As the day progresses and the sun's rays become more perpendicular to the 
level areas surrounding the mountain, more clouds begin to appear there . As mentioned 
above, the clouds over the valley did increase in number and intensity after 0930. 

There is an interesting feature of meteorological significance apparent from 
the pictures presented in Figs . 3 to 11: the San Francisco Peaks are not a unique cloud 
generator. Figure 3 shows small cumuli over all mountains in view. At 0900 (Fig. 4) 
and 1008 (Fig. 6), cumuli of magnitude similar to the one over the Peaks are seen 
along the horizon; at 1035 (Fig. 8), 1116 (Fig. 10), and 1129 (Fig. 11), cumulonimbi 
of comparable size and stage of development can be found elsewhere in northern Arizona. 
The timetable of events described in the previous subsection appears to hold over a wide
spread area. Therefore nothing was haphazard or chance about a thunderstorm developing 
over the San Francisco Peaks on 1 August 1961. The proper meteorological conditions 
and localized solar heating of mountain slopes simultaneously initiated cumuli over 
all of northe rn Arizona; the cumuli, following basic laws of thermodynamics and physics, 
grew and subsequently developed into thunderstorms. 

Clouds which have their roots over mountains do not have the same characte r
istics as those with their roots over the surrounding valley. One distinction is that 
those which form over mountain slopes are ultimately larger and more buoyant than 
those with roots at lower levels. Also, clouds falling in the former category have higher 
bases than those in the latter. The higher bases are attributed, among other things, to 
initially drier air with a .higher potential temperature (MacCready, 1955) and greater 
turbulence over mountains (Orville, 1965) . 

Location of clouds relative to their roots . Clouds which arise from buoyant 
parcels of air are said to have their roots ' on that portion of heated ground from which 
the buoyant parcels arose. The height at which a cloud forms depends on the conden -
sation level for the parcel of moist, buoyant air. When the condensation level is below 
the top of a mountain, clouds form in the air which flows up the upwind slopes; this 
is a common phenomenon when there is a considerable amount of moisture in the air. 

However, when the condensation level is at some distance above mountain tdp, 
clouds form downwind of the heated slopes which contain their roots ; this was the case 
in the thunderstorm studied by Brown and Fujita (1965) . It therefore would be desirable 

1. Braham and Draginis (1960) use the term "root" to signify the convective 
current which produces small cumuli when it reaches the condensation level. 



to present a simple model which would show the distance that a cloud can be expected 
to form downwind of its root. The downwind distance, x , can be computed from 

x 1Zc V 
= -dz w , 

Zo 

( 1 ) 

where v is horizontal velocity, w is vertical velocity, z0 is the level of the cloud's 
root, and Zc is the condensation level. . 

The aircraft measurements of Silverman (1960) and Braham and Draginis (1960) 
show that the contribution of orographic lifting to vertical motion is felt only within 
the first few hundred meters above a mountain--most of the air flows around it. There
fore in all cases, except those where z0 and Zc are less than a few hundred meters 
apart, w can be considered as the vertical velocity within a buoyant column of air. 
By assuming that v and w can be realistically replaced by v and w , the mean values 
between Zo and Zc , Eq. (1) becomes 

x = Yt::.z, ( 2 ) 

where Y = v/ w and 6z is the vertical distance between z0 and Zc 
In Fig. 12, Y is plotted as a function of x and 6 z. 

As an example of what Fig. 12 indicates, let us suppose that we have two regions 
of solar heating, one at the top of a mountain and the other in the valley 2 km below. 
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The potential temperature of air rising above both locations is assumed to be the same, 
but the moisture content of the air from the mountain is less to the extent that the con
densation level for the valley-rooted cloud is at 6z = 2. 8 km, while that for the mountain
rooted cloud is 1. 0 km. · For this example, assume that Y = 1. 0. The resulting situation 
is presented schematically in Fig. 13. In reality, vertical variations of v and w 
could result in different values of Y for the two depicted situations. 

If the mean horizontal velocity through the distance 6z is known, as well as 
the height of cloud base and the roots (such as heated mountain slope) of a particular 
cloud, then the mean subcloud vertical velocity can be computed from 

w Ii - , 
y 

( 3 ) 

where y is now defined as the ratio x/D. z . This is a simple and accurate way-
as accurate as v, b. z , and the location of the cloud's roots- -to determine the vertical 
velocity of nonsaturated convective currents. The downwind distance, x, applies to 
the cloud when it first forms, before the cloud itself drifts downwind. 
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Clouds and their surface mesosystems. The photographs taken from s ites A, 
B, and C (see Fig. 1) and from the C-130 were used to reconstruct a three-dimensional 
picture of the thunderstorm system which developed over the San Francisco Peaks. 
The various photogrammetric techniques employed are discussed in the Appendix. 

At first glance, it might appear that the three surface photographs coupled 
with several aerial photos taken from different directions over a span of a few minutes 
would provide an unparalleled opportunity to measure the precise size and shape of 
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a cloud. Unfortunately this was easier said than done. An attempt to perform trian -
gulations between an aerial photograph and one taken from either site A or B was un -
successful; it was virtually impossible to identify the same point from different directions 
above and below a given cloud. Since Camera C was so far away, it could be used only 
for locating the most gross features; here again, it was difficult at times to combine 
C with either the aerial or other surface photographs. In the end, separate triangulations 
were made using the stereo-pair photographs and the aerial photographs. Before sensible 
results could be obtained from the aerial photos, great care had to be taken in order to 
determine the precise orientation of the photographs. 

Figures 14-18 and 20 ponray the three-dimensional clouds at 30-minute intervals 
from 0800 to 1030 MST. The largest outline is that of cloud base (3 . 6 km, msl, near 
the Peaks ); for taller clouds with more than their bases visible, contours at intervals 
of 1 km above cloud base are indicated. Clouds whose profiles were not visible in the 
photographs but which were known to exist from continuity have dashed contours. Once 
the anvil formed (Fig. 20), only the contours that would be seen from directly above 
the cloud were drawn. The area covered by photographs taken within a few minutes of 
the stated time is enclosed by the irregular outline in each figure. 

Charts showing s urface pressures, temperatures, and winds at 30-minute 
intervals from 1000 to 1130 are presented in Fig. 19 and 21 -23. Since the pressure 
pattern prior to 1000 was essentially the same as that at 1000, no earlier pressure 
charts are presented. As explained in the Appendix, the pressure pattern is given as 
a deviation from the 24-hour mean for each station. The pressure within the mesosystem 
is analyzed as the excess pressure due to the presence of the cold-air outflow from 
the precipitation area. 

In order to help interpret the cloud and pressure charts , the 24-hour accumulated 
rainfall is presented in Fig. 24. The rainfall that is associated with the thunderstorm 
in question is that region of maximum to the north and north-northwest of the Peaks. 
Those stations which rece ived hail are marked with an asterisk. 

The first small cumuli (Fig. 14) appeared over the heated slopes of the San 
Francisco Peaks shortly before 0800; they did not drift far from the slopes . At 0830 
(Fig. 15), there still was no organized activity over the Peaks, but more cumuli had 
appeared. As mentioned at the beginning of this section, an organized cumulus congestus 
was in exis tence by 0900 (Fig. 16) . The cloud system continued to grow north-north
westward, with its upwind end remaining over the southeastern corner of the Peaks 
(see Fig. 17) . At 0930, with increased solar heating in the lowlands , small cumuli 
had started to pop up all over. 



While the cloud system over the mountain formed and grew, the surface winds 
to the east of the Peaks had changed from northerly to ·easterly by 0830, indicating 
a flow of air toward the mountain. However, the surface pressure analysis did not 
reveal the formation of a low-pressure area on the heated slopes, so if there was one 
it was very shallow. ·Except for all temperatures increasing and most of the winds 
being light and variable, the weather picture up to 1000 was very similar to that shown 
in Fig. 19. . 

At 1000 (Fig. 19), as earlier in the day, the surface temperatures reflected 
the elevation of the stations; the highest stations had temperatures of 13 to 16C and 
the lowest stations ranged from 19 to 21C. To the north and east of the mountain, there 
is general surface flow toward the developing cloud system. The winds south of the 
Peaks are only slightly influenced by the presence of the nearby thunderstorm. 

By 1030 (Figs. 20 and 21), an anvil had formed and rain had reached the ground, 
as indicated by the presence of the mesoscale high-pressure area. The only stations 
showing drastic pressure, temperature, and wind changes between 1000 and 1030 are 
the two stations inside the mesosystem; even though rain did not reach the right-hand 
station until about 1100, its wind direction indicates that the center of the rainfall area 
lies between the two stations. The cold air, flowing downhill, has cooled the lower 
station by 8C, while the uphill one has just started to cool. 

At 1100 (Fig. 22), the mesosystem had grown in both size and intensity and 
had merged with a new mesosystem associated with rain from a nearby cloud. The 
temperature at the two thermographs have continued to fall, with the downhill station 
being the colder. The third station within the mesosystem has dropped 6C since 1030. 

At 1130 (Fig. 23), it appears that rain is still falling into the two maximum 
pressure areas of the mesosystem because the pressures are still increasing. The 
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three stations beneath the thunderstorm show continued temperature drops. The increased 
mass of cold air on the northern slopes had started to flow downhill around the sides 
of the mountain. The station to the east of the Peaks has just started to cool and the 
winds have picked up and shifted to the north, indicating the arrival of the mesosystem 
at that point . 

It is interesting to note that the region of maximum pressure beneath the thunder
storm seems to remain in the same area relative to the mountain; this location coincides 
with the region of maximum 24-hour precipitation shown in Fig. 24. The secondary 
pressure maximum is not associated with a pronounced rainfall area, but the maximum 
cooling due to both the evaporation of rain and presence of hail . 



Fig. 14. Outline of cloud bases at 0800 MST on 1 August 1961; cloud base is 3. 6 

km msl. The area covered by the surface and aerial photographs is indicated by 

the irregular outline. 
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Fig. 16. Same as Fig. 14, but for 0900. Cloud contours are at intervals of 

1 km above cloud base. 
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4. Dynamics of cloud growth 

Liquid-water content in early stages of cloud development~ Cloud physics 
data were collected by the C-130 aircraft as it passed through the clouds growing over 
the Peaks . These data, presented in Fig. 25, reveal an interesting trend in the liquid
water content of the clouds. The available photographic information indicates that a 
group of small cumuli over the mountain developed, about 0845, into a more organized 
cloud mass. If the water content data are representative of the entire sampled cloud, 
then the transition from a group of cumuli to a larger individual mass is reflected by 
the sharp increase in the measured water content about 0850; it may be noted that the 
sharp jump was not due to a change in the aircraft's altitude. The rapid increase in 
the water content, as well as the gradual increase after that, fits in with the general 
concept of entrainment. As a cloud becomes larger, the fractional amount of outside 
air that mixes with a given amount of cloud air decreases, with the result that there is 
more energy available for vertical motion and that a smaller fraction of the increased 
water content is evaporated to saturate the mixed air. 
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Fig. 25. Water content and phase of water sampled by the C-130 in the cumuli over 

the San Francisco Peaks . The sampling level, relative to cloud base, is indicated 

at the top of the figure . Data courtesy of M. Glass. 

2. The data presented in the first two subsections are unpublished findings 
kindly furnished by Morton Glass of the Air Force Cambridge Research Laboratories. 
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Measurements of vertical growth rate. Based on precise photogrammetric 
reduction techniques (see Glass and Carlson, 1963), the height of many prominent 
cloud points seen in the stereo-pair photographs (sites A and B) were computed at 
one-minute intervals. Measurements were made from 0900 to 1100, after which time 
the top of the main cloud mass was obscured. 

Figure 26 shows some of the pulsations which contributed to the overall growth 
of the thunderstorm. Since it was not always possible to follow points on the very top 
of the major growths, the curves in the figure do not necessarily represent the maximum 
growth rates taking place at any given time. The vertical velocity indicated by the 
steepest slope is plotted next to each curve . 
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As seen in the figure, there were two major surges of growth. One started 
sometime before 0900 and involved the development of a well-organized cumulus congestus 
with its top just above 9 km msl. This congestus provided the saturated environment 
out of which the cumulonimbus emerged. 

The second major surge started just prior to 1000. It grew upward, in its 
pulsating manner, at a significantly faster and more persistent rate than the earlier 
surge. Due to the thermal stratification of the atmosphere, the top of the anvil was 
prevented from rising any higher than about 13 km. 

In an attempt to explain the two main surges, the rawinsonde observation from 
the balloon released at 1201 from site A is plotted in Fig. 27; the winds at that time 
are found in Fig. 2. It may be noted that there is a superadiabatic lapse rate immedi -
ately above the ground, as is common in summertime soundings at Flagstaff. The 
trajectory of the balloon was along the western edge of the thunderstorm system, 
apparently not entering the cloud as it rose. 

There is no pronounced stable layer near the 9-km level to account for the 
temporary halt in cloud growth in that region. However, with an incloud lapse rate 
between that of moist and dry adiabatic, the entire depth of warmer air above the 
500-mb inversion undoubtedly acted to decelerate the growing congestus mass. For 
the cumulonimbus itself, the slower than moist-adiabatic rate of cooling in the environ
ment above 9 km' and especially above 12 km' certainly was instrumental in preventing 
its growth above 13 km. 

As an interesting side note, the cloud base computed by the conventional parcel 
method overestimated the observed height by just 0. 2 km . On 19 July 1960 in the same 
area, Brown and Fujita (1965) found that the parcel method overestimated cloud base 
by only 0 . 1 km. It seems that, even though the parcel method overestimates the heights 
of cloud tops, it provides a good estimate of cloud bases. 
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Fig. 26. Growth curves of the tops of clouds developing over the San Francisco Peaks. 

Curves shows trends exhibited by individual points on clouds. Maximum growth rate 
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T("C) 

Fig. 27. Rawinsonde observation released from site A at 1201 MST on l August 1961. Solid line i s 

temperature; dashed line, dew-point temperature. 
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Visual clue to mechanism of cumulonimbus formation. The main difference in 
cloud shape between a cumulus and a cumulonimbus is the formation of an anvil top 
on the latter. An individual cumulonimbus is the "lasting" end result of a series of 
short-lived and increasingly larger cumuli. Each successive cumulus, though generally 
going higher than the previous one, does reach a maximum height and, with no more 
buoyancy to sustain it, it then begins to sink. This procedure is repeated, under suit-
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able conditions, until one particular cumulus congestus , having reached its maximum 
height, begins to spread horizontally- -forming an anvil- -instead of sinking. There clearly 
is some dynamical difference between the "conventional" congestus and the "special" 
one which develops into the cumulonimbus. 

Though the explanation is known and theoretically logical, visual evidence of 
the moment of transition apparently is not well documented. The author noticed this 
phenomenon in an earlier study (Brown and Fujita, 1965), but, thinking it no more than 
an interesting observation, did not bother to mention it in that paper. However, since 
the same phenomenon was also apparent in this study, it was decided to discuss the 
feature in detail. 

Figures 28 and 29 are composite photographs which show the transitions that 
took place at 1135 on 19 July 1960 and at 1015 on 1 August 1961, respectively, both 
to the north of Flagstaff. Figure 28 is a view of a west-southwestward moving cloud 
system as seen toward the north-northwest from site A. Figure 29 shows a north
northwestward moving system as observed to the west-northwest of site C. In each 
figure the pictures (one minute apart) are displaced vertically the same amount. 

Figure 28 shows in more detail how earlier congesti (seen on the left) grew and 
then, having lost their buoyancy before reaching a pronounced stable layer in the atmosphere, 
sank. The active growth on the upwind end of the cloud mass (on right in picture) was 
able to take advantage of the moist environment provided by its predecessors and thus 
have enough vertical kinetic energy left over upon reaching the increasingly- stable regions 
of the atmosphere to force a cone-shaped dent into that region at 1135. However, since 
the energy was not sufficient to push very far upward, the air within the cloud diverged 
from the cone of maximum vertical energy. Once the divergence s tarted there was 
nothing to stop the horiz.ontal spread of the anvil. With this uninhibited exhaust for 
the vertically-moving air, the updraft continued to persist until its energy was eventually 
sapped by well -developed precipitation downdrafts. 

On 1 August (Fig. 29), the cone as seen at 1015 covers a larger area . In this 
situation, the cone acts as an upwind anchor point for the anvil which subsequently grows 
downwind. As a point of interest, when the time-lapse movie from which these pictures 
were obtained is run backwards, the anvil is seen to flow toward and then down jnto 
the center of an. imaginary spherical ring vortex located beneath the cone. 

Figures 28 and 29, together with other information about these thunderstorms, 
reveal that the most potent and dynamic phase in the life cycle of a cumulonimbus takes 
place at the time of anvil formation. The vertical motion is at a maximum and the 
diverging air within the anvil signifies that the continuous updraft has an outlet. This 
dynamic picture of a cumulonimbus is in sharp contrast with the Byers and Braham 
(1948) model of a thunderstorm, where the formation of an anvil indicates that the cloud 
is nearly dead, from a dynamical standpoint. · 



ONE - MINUTE INTERVALS 

1130 - 1216 M.S.T. 

Fig. 28. Composite photograph of congestus to cumulonimbus growth at one-minute intervals 

from 1130 to 1140 MST on 19 July 1960. From Brown and Fujita (1965). 

Fig. 29. Composite photograph of congestus to cumulonimbus growth at one-minute intervals 

from 1010 to 1020 MST on 1 August 1961. Clouds are greatly enlarged from 16-mm time-lapse 

camera at site C. 
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Rate of mass increase in cumuli and cumulonimbi. The cloud outlines in Figs. 
14-18 and 20, as well as additional ones at in-between times, provide an excellent 
opportunity for checking the rate at which mass within a growing cloud increases. A 
curve showing the mass within the main cloud system as a function of time is presented 
in Fig. 30. The differentiation of that curve with resj)ect to time (Fig. 31) gives the 
net rate at which mass is being added to the cloud . One may note that there is a sub
stantial increase in the rate of growth associated with the congestus and cumulonimbus. 

There are sufficient data available in the literature to make it worthwhile to 
investigate the rate at which the mass in different sized convective clouds increases 
during periods of active growth. In order to compare the rates, it is necessary to 
have some parameter as a common reference; after considering several possibilities, 
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the total mass of the cloud was selected as the most meaningful parameter. Data presented 
by various investigators are combined in Fig. 32. 

The most straightforward data were presented by Higuchi (1965) for small cumulus 
clouds , Anderson (1960) for both small cumulus and cumulus congestus, and the data 
presented in this paper for congestus and cumulonimbus; these were best because all 
of them presented total cloud mass or volume as a function of time. Fairly realistic 
values of cloud mass could be determined from Brown and Fujita (1965), but the growth 
rate values were for the rate at which mass passed into the anvil. Braham .(1952) presented 
flux rates, for air converging into an average thunderstorm updraft, which were based 
on measurements of the convergence of winds into the storm at various levels. The 
arrows in Fig. 32 indicate that the growth rates based on Brown and Fujita's data should 
be larger; since Braham's flux value represents only the rate at which outside air was 
converging toward the cloud and his mass value was only for the intense updraft 
portion of the cloud, both parameters should be larger than indicated. 

Figure 32 exhibits an approximately linear (on log-log presentation) relationship 
between the size of a cloud and the rate at which it grows. The equation for the dashed 
line in the figure is 

dM 
dt 

( 4 ) 

where M is the total cloud mass in kg and dM/d t is in kg sec - 1 • This equation 
should be valid for cumulus and cumulonimbus clouds as long as the growth rate is 
continuing to increase. However, on the other hand, if a cloud continues to grow, but 
at a slower and slower rate, its mass versus growth rate point will be considerably 
below the line; this type of cloud was not considered in the data points and therefore 
information for such stages of cloud growth can not be obtained from Eq. (4). 

Figure 32 indicates that, in vertically accelerating clouds , small cumuli (mass 
up to the order of 108 kg) grow at a rate of up to .10 6 kg sec- 1 

, cumulus congestus clouds 
(mass of 109 and 10'0 kg) grow at a rate of 107 kg sec' , and cumulonimbus clouds 
(mass of IO" kg or more) grow at a rate of at least 108 kg sec - 1 • This again indicates 
that the larger clouds have a smaller fraction of their mass which is modified by mixing 
with environmental air, i.e. , more energy is available for vertical growth. 
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Fig. 30. Mass within the cloud system over the San Francisco Peaks as a function 
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Energy and cloud growth. A cumulus cloud forms after buoyant parcels of air, 
rising from the heated ground, reach the parcels' condensation level. The ensuing 
cloud does not receive its energy from the heated ground, but from the latent heat of 
condensation which is released when water vapor within the cloud is cooled below its 
dew -point temperature. · 

With this in mind, it seems logical that the net amount of energy released for 
use by the growing cloud could be readily calculated from the water content within a 
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cloud at any particular stage of growth. The total water content, computed from the mass 
of the cloud, represents the net amount of water- -condensation less evaporation- -and 
therefore represents the net amount of energy gained from the release of latent heat. 
The following computations assume that a negligible amount of water is precipitating out 
of the cumulonimbus at the time of observation and that energy dissipated by frictional 
effects is one to two orders of magnitude smalle£ than the total amount of energy available. 

The energy available within growing convective clouds can be computed from 

E = XLM, ( 5 ) 

where E is available energy (erg) , X is the mean water content (sum of liquid water 
and solid water) in the cloud (gm kg-1 ), L is the latent heat released (erg gm- 1 ), and 
M is the total mass of the cloud (kg) . The mass data for evaluating Eq. (5) will be 

the same as those used in Fig. 32. The values of total water content and latent heat 
used are listed in Table 1. In determining the magnitude of L , it was assumed that 
the small cumuli. were all water, that the cumuli congesti were 90 per cent water and 
10 per cent ice , and the the cumulonimbi were one -third ice. 

Cloud type 

cumulus 

Table 1. Mean total water content and latent 
heat for the three types of clouds . 

X (gm kg-I) 

0.5 

cumulus congestus 1. 5 

cumulonimbus 2.5 

L (erg gm- 1) 

2. 5 x 10 10 

2.6 x 1010 

2. 7 x 10'0 

The same mass data points found in Fig. 32 are plotted in Fig. 33 as a function 
of available energy. The dashed straight line is the best fit (by eye) for the data points. 
The equation for the line is 



( 6 ) 

where E is in ergs and M is in kg. The fit of this line to the data is much better 
than the one in Fig. 32, since E was computed from M ; the exponent for M is I. 2 
instead of 1. 0 because both X and L increase. with increasing M . 

Figure 33 indicates that up to 10·19 ergs of energy are released for use by a 
growing cumulus, 10 19 to 10 21 ergs for a cumulus congestus, and 1022 ergs or more 
for a cumulonimbus; the divisions between cloud types are quite arbitrary but the data 
points within each group are for clouds of the type indicated. 

Braham {1952), working with Thunderstorm Project data, used the increase in 
the internal and potential energy of the environment to compute the total work performed 
by an average thunderstorm cell against its environment. He obtained a value of the 
order of 1022 ergs and pointed out that, based on the independently computed total water 
content of the thunderstorm, the energy available to the thunderstorm should have been 
1 x 1022 ergs. Using Eq. (5) with the underestimate for M , the available energy for 
Braham's cloud was computed to be 1. 3 x 1022 ergs. 

Therefore, it would appear that the energy computations plotted in Fig. 33 are 
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quite realistic . It must be remembered that the data are representative only of growing 
clouds. With this in mind, knowing the total mass of a growing cloud, the energy available 
to the cloud can be computed from Eq. (6). 
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5. Summary and conclusions 

By mid-morning on 1 August 1961, solar heating led to the formation of cumuli 
over the mountain peaks of northern Arizona . That cloud mass which developed into 
a thunderstorm over the San Francisco Peaks near Flagstaff is the one which has been 
studied in detail in this paper. · 

Following a discussion of orographic convection, the location of initial cloud 
formations were outlined as a function of the height of the condensation level above a 
mountain. A scheme was then presented whereby the mean vertical velocity of nonsat
urated convective currents could be computed. 

The growth of the cloud system from a disorganized group of small cumuli into 
a well -organized cumulonimbus was studied by means of photogrammetric reduction 
techniques for surface stereo-pair, as well as many aerial, photographs. The growth 
of the thunderstorm system was shown by cloud photographs, the vertical growth rate 
of cloud tops, the three-dimensional shape of the storm at various stages, and the rate 
at which the mass within the cloud increased. One interesting phenomenon, which was 
substantiated photographically, ·was the transition from the cumulus congestus to the 
cumulonimbus; at the moment of transition, the congestus was seen to push a cone
shaped peak into the stable layer which prevented much further vertical growth. 

Data from the surface mesometeorological network were presented to show the 
formation and growth of the mesosystem which was caused by the cold air flowing out 
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from the rainfall area. The analyses suggested that ·the region of maximum rain remained 
in about the same location to the lee of the Peaks during the analysis period. This was 
confirmed by the 24-hr rainfall map. It appeared that air was joining the cumulonimbus 
cloud system in the form of new growth over the windward slopes, contributing to the 
major growth over the Peaks and then, as it moved north with the expanding cloud, rain 
fell from it adajacent to the leeward slopes. 

The mass data and data for the rate of mass increase for the cumulonimbus in 
question were combined with similar data from the literature for small cumuli, cumuli 
congesti, and other cumulonimbi to obtain an idea of the growth-rate behavior as a 
function of cloud size. The rate at which mass within a cumulonimbus increases is of 
the order of 108 kg sec-1. 

Using the same clouds, the energy available for the growth of clouds from the 
release of latent heat was computed. For a cumulonimbus, the energy available for 
growth is of the order of 1022 ergs; this is precisely the order of magnitude found by 
Braham (1952), who used Thunderstorm Project data. 

In the Appendix, the techniques used to obtain cloud meas:urements from the 
aerial photographs are described in detail. There is also a brief description of other 
data reduction techniques. 
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APPENDIX 

Data reduction and analysis techniques 

Mesometeorological network data. On the surface mesosynoptic maps (Figs. 
19, 21, 22, 23), wind, temperature and pressure data are presented. All of these 
parameters, except pressure, are given in a conventional manner. The pressure is 
analyzed by a technique employed by Fujita, Styber and Brown (1962) . Since the micro
barograph stations are at widely varying elevations, it is more meaningful to use deviation 
and excess pressures than to reduce the pressures to one common level. 

Deviation pressure at a certain station is defined as the pressure at a given time 
relative to the 24-hour-mean pressure at that station. The mathematical justification 
for such a procedure has been presented by Fujita, Styber and Brown (1962). Excess 
pressure is defined as that pressure increment due entirely to the presence Qf the cold
air outflow beneath a thunderstorm. The definitions of deviation and excess pressure 
are explained graphically in Fig. A-1. In this paper , the excess pressure within the 
developing mesosystem is analyzed relative to the undisturbed pressure field {indicated 
by dashed line in Fig. A-1. ). 
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Fig. A-1. Explanation of deviation pressure and excess pressure. From Fujita , 

Styber, and Brown (1962). 



Surface photogrammetric data. The stereo-pair cameras at sites A and Bare 
capable of providing very detailed cloud growth measurements. The geometry involved 
in obtaining precise cloud measurements has been given by Glass and Carlson (1963) 
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and Brown and Fujita ·(l965); these discussions will not be repeated here. A detailed 
description of the computer program used at the Air Force Cambridge Research Labor
atories in this reduction process is given by Schurz and Persson (1964). The two directions 
(normal to baseline between cameras and 20 deg to left of normal) in which the paired 
cameras can be placed are indicated in Fig. l. At 1010 the cameras were changed from 
the left 20 deg position to the normal one. 

The 16-mm time-lapse camera at site C was too far away from the clouds over 
the mountain to be used for detailed triangulation purposes. However, the photographs 
were helpful in delineating the limits of major growth areas. Still, care had to be taken 
to distinguish towering clouds over the mountain from those occurring to the east of the 
mountain. Using photographs from site C alone, the only way that the two groups of 
clouds could be separated was to compare the visible cloud bases. Those over the mountain 
had the lowest appearing bases in the photograph. Due to the perspective of viewing 
clouds from the ground, those closer to the camera had higher appearing bases; there-
fore the bases of the closer clouds were visible against the side of the main cloud mass. 

Aerial photogrammetric data. The Air Force Cambridge Research .Laboratories' 
C-130 aircraft was equipped with two T-11 cameras, one pointing out each side of 
the craft approximately perpendicular to the fuselage. In order to use the aircraft's 
valuable photographic data, the exact orientation of the cameras had to be known. 
Although orientation data were available from a test with the C-130 in a simulated flight 
position on the ground, it was decided to conduct a test using in-flight calculations . 

For the test, a straight and level portion of the flight path on 1 August 1961 
was chosen. The landmarks seen in each pair of photographs during that part of the 
flight, together with the known height of the aircraft and focal lengths of the cameras, 
were all used to determine 1) the angles the cameras were tilting from the horizontal 
and 2) the directions of the princi'pal lines (defined as intersection on earth of vertical 
plane passing through the optical axis of the camera) relative to the long axis of the 
fuselage. Computations· showed that both cameras were pointing downward 30 deg from 
the horizontal for level flight (tilt angle of 60 deg, being the angle measured from the 
nadir toward the zenith) and that both were "toed-in" 2. 5 deg forward of a line perpen
dicular to the long axis of the fuselage. 

By taking this information and knowledge of spherical trigonometry into account, 
a nomogram was constructed as an overlay for the pictures from each camera. The 
purpose of the nomogram is to determine the tilt angle of the photograph and the pitch 
and roll angles of the aircraft. Figure A-2 shows the nomograms for the two cameras. 
The nearly vertical line in each nomogram is part of the circle through which an imaginary 
line perpendicular to the fuselage would move as the aircraft rolls from one side to the 
other. The roll angle ( P), in degrees, is indicated along the line such that a clock-
wise roll is positive; the roll axis coincides with the long axis. of the fuselage. The 
nearly horizontal line in each nomogram is the true horizon (defined as the one horizontal 
plane passing through the camera lens); the angular distance (dip angle) of the true 



horizon above the apparent horizon, which appears in a photograph, is a function of 
the height of the camera above the earth . For a flight involving no roll, the axis about 
which the aircraft pitches would appear in the photograph as the Image Pitch Axis (IPA) 
as indicated on the nomogram . The pitch angle(µ..), in degrees is indicated at both 
edges of the nomogram; when the nose of the aircraft is up, the pitch angle is taken as 
positive. 

When the aircraft is in level flight, the computed true horizon will coincide 
with the nearly horizontal line passing through the IPA on the nomogram. The circles 
in the nomogram are centered about the Image Principal Point (IPP), which is the center 
of the photograph and the point where an extension of the camera's optical axis would 
intersect the photograph. The circles , representing various tilt angles , are labeled 
such that the circle to which the true horizon is tangent is the tilt angle (T) of the 
photograph; therefore each nomogram shows a tilt angle of 60 deg for level flight. 
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The fact that the two cameras are rigidly attached to the aircraft makes it possible-
with the use of the nomograms- -to compute the tilt angle and actual location of the true 
horizon even if the apparent horizon in one photograph is obscured by nearby clouds 
or is completely out of the picture . The pitch angles for both photographs are always 
the same; the roll angles likewise are the same . So as long as the apparent, and 
consequently true, horizon is visible in one photograph, the pitch and roll angles can 
be computed. The procedure is as follows: 

1) the tangent to the apparent horizon is determined 
with a straightedge; 

2) the straightedge is moved upward by an amount 
equal to the dip angle and a straight line is 
drawn representing the true horizon; 

3) the tilt angle is read from the circle to which 
the true horizon is tangent; 

4) the roll angle is read from the intersection of 
the true horizon with the roll angle line; and 

5) the pitch angle can be read from the side of the 
nomogram by translating the true horizon up 
or down the roll angle line to the Image Pitch 
Axis (IPA). 

It should be noted that the pitch and roll angles are labeled in opposite directions 
on the two nomograms; but when the pictures are placed properly in three -dimensional 
space the labeling is consistent. In order to find the true horizon for the second picture, 
a straightedge is placed through the IPA at the proper pitch angle and is then translated 
up or down the roll angle line to the proper roll angle; the true horizon is then drawn. 
The tilt angle for this photograph is read from the circle to which the true horizon is 
tangent. 

There is one more needed quantity that is obtainable from the nomograms: the 
principal line. The principal line is the intersection on the earth of the vertical plane 
which contains the optical axis of the camera's lens system. The principal line (and 
all other lines parallel to it in space) intersects that point on the true horizon in the 
photograph which is closest to the principal point (center of picture). Therefore on each 
nomogram , or picture, the principal line passes through the principal point (IPP) and is 



perpendicular to the true horizon. One distinct advantage of the pair of nomograms 
is that the principal line, which is necessary for the reduction of photogrammetric 
data, can be drawn for both photographs even though the horizon is visible in only one 
of them. 
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Before data can be obtained from the photographs, knowledge of the actual location 
of the principal lines on a surface basemap is needed . . The data plotting sheet constructed 
for this purpose is shown in Fig. A-3. The circle is placed on the location of the aircraft 
on a topographic map and the arrow points in the direction of the fuselage; the aircraft's 
orientation is determined by comparing landmarks seen in the photographs with those 
indicated on a topographic map. Since the direction of the principal line relative to 
the fuselage (making an angle i.J!) varies with the roll of the aircraft, reference lines 
for various roll angles are indicated on both sides of the plotting sheet. As an example, 
the principal lines for a roll angle of +30 deg have been drawn as dashed lines. 

The actual transformation of cloud data from a photograph to a basemap (or 
data plotting sheet) is accomplished with the use of a pair of grids: tilt grid (Fig. A-4a) and 
height grid (Fig. A-4b)~ The grids represent two different slices through a family 
of cones, all of whose apexes are at the camera and all of whom are symmetric about 
a line extending from the camera down through the center of the earth . The conic 
sections are labeled for the half-angle of the cone intersected and the radial lines represent 
horizontal angular distances from the principal line. In Fig. A-4, the tilt grid slices 
the cones at an angle of 60 deg from the horizontal and the height grid slices them hor
izontally at a distance of 10,000 ft below the camera. 

In order to obtain information from a photograph, the tilt grid is placed over it 
with the principal points and true horizons in agreement; the photograph has been enlarged 
so that its effective focal length is the same as that for the tilt grid. The proper height 
grid, which has been drawn to the scale of the basemap being used, is chosen. Then 
one -to-one mapping is used to transfer a given cloud feature (such a s cloud base)- - which 
is the same distance beneath the camera as the height grid- -from the tilt grid to the 
height grid. Examples of the finished product are given in the main body of the paper. 

1. These grids are examples of two families of grids which were designed by 
Professor T. Fujita to be used in the rectification of photographs taken from both air
planes and satellites . 
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Fig. A-2. Nomograms for computing roll angle ( P) and pitch angle (µ.)of the aircraft (thus determining the true horizon in each photograph) 

and tilt angle (T) of the left and right photographs . Courtesy of Professor T . Fujita. 
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Fig. A- 3. Data plotting sheet used to determine the orientation of the aircraft and then the position of the clouds in the two photographs. The 

dashed lines illustrate how the positioning of the principal lines are influenced by the roll angle (p) of the aircraft. 
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Fig. A-4. a) Example of a tilt grid for placing over a photograph. b) Example of a height grid for plotting a cloud feature 10,000 feet below 

the aircraft. Courtesy of Professor T. Fujita. 
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