sured against lack of snow, and against high temperatures which would
melt ice.
With the increasing complexity of our civilization, demands for new
kinds of insurance may be expected to appear from time to time. Not
only is the weather a subject of perennial and perpetual interest, but it
affects and influences our lives daily in a multitude of ways. For this
reason it is probable that insurance against unfavorable weather will
grow in volume and importance with the passing of the years. From
the foregoing summary it is evident that expert advice is required and is
being employed in the underwriting and development of weather insurance, as in other lines.
HYDRO-METEOROLOGY
B y CHARLES F . BROOKS a n d FRANCES V . T R I P P *
* Dr. H. C. Frankenfield, Prof. A. J. Henry, Mr. Robert E. Horton and Mr. J. F. Voorhees contributed many valuable comments.

Run-off

Water is a vital factor in the maintaining of life. Under conditions
of insufficient rainfall people and plants alike cannot exist, unless, by
irrigation and sinking of deep wells, water be provided for their needs.
Too much water in the form of heavy rainfall and floods, on the other
hand, causes suffering and destruction. The amount of water which any
place receives during a year (flood plains of certain rivers excepted) depends upon the amount of precipitation which falls upon that place.
Some of the falling rain and snow is intercepted by trees before it
reaches the ground. All of this which does not run down the trunk or
drip off subsequently evaporates. According to Horton's studies the
interception storage loss for trees varies from 0.02 to 0.07 inch per
shower, and approaches these values for well developed crops.1 Yoorhees
has found that 0.1 inch of the rainfall will always evaporate.2 The interception storage loss for trees in woods is greater, but evaporation loss
during rain is less than for trees in the open. The experiment at Wagon
Wheel Gap has shown that light rains up to and including 0.03 inch may
be considered as being totally intercepted.
When the rain reaches the soil some evaporates; some runs
over the surface into streams; some sinks
into the ground.
Of that which sinks in, a part is absorbed by vegetation
and transpired, a part becomes sub-surface run-off. The amount
of run-off, then, is the total of surface and sub-surface drainage.
An analysis of the dispostion of precipitation at Wagon Wheel Gap during the seven years, 1912 to 1918, shows that of a mean annual rainfall
of 21 inches, 29 percent constitutes run-off, 17 percent is intercepted, 18
percent is transpired, and 36 percent is evaporated.8 In a consideration
of these figures, the elevation of from 9,000 to more than 11,000 feet must
1
2
8

Horton, R. E . : Rainfall Interception, Mo. Wea. Rev., Sept., 1919, vol. 47, pp. 603-623,
Summary, Science, April 30, 1920, pp. 439-440.
Voorhees, J. F . : A Preliminary Study of Effective Rainfall. To be published in Mo.
Wea. Rev.
Mo. Wea. Rev. Suppl. No. 17, p. 32. This supplement is reviewed in the Mo. Wea Rev.,
Dec., 1921, vol. 49, pp. 637-650.
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be taken into account, as the low pressure favors evaporation at a rate
half again as great as at sea level even under equal humidity, temperature and wind conditions. The low vapor pressures and the intense sunlight are factors also favoring increased evaporation and transpiration.
Run-off from forested areas. It is estimated that one-fourth of the
rain which falls upon a forest is intercepted by leaves and branches and
never reaches the ground.4 Of that which does get through some is
taken up by plants and transpired to the air again, some becomes ground
water, and some trickles away to streams directly. A forest cover is
important in reducing the surface run-off and changing it to underground seepage, because (1) the trunks and underbrush offer mechanical
obstruction, (2) the litter on the floor and the underbrush may act as a
sponge, though a leafy covering may act more like a roof. Furthermore
forests regulate stream flow by conserving both water and snow.
From bare or grassland. Land of this character is unable to store
water to the same extent as does a forested area unless the forest surface is so well covered with leaves that it sheds water quickly.5 Soil under
sod is generally less permeable than the soil surface in forests, especially
if the grassland has been pastured. Consequently a large amount of
rainfall immediately becomes run-off.
In dtieis. In cities run-off from rainfall must be provided for by artificial means, that is by gutters and sewers. The engineer in planning
them must learn the maximum rate of precipitation likely to occur in a
short period, five to twenty minutes, for example, since heavy rainfall
continuing at a uniform rate for even as much as half an hour without
interruption is unusual. The limiting intensity of rainfall for a given
duration represents a value beyond which it is never necessary to go in
providing for storm sewer capacity. Sometimes, owing to economic conditions, it may not be necessary to provide for the limiting rain intensity.
In such cases this figure represents the extent by which the sewer capacity may be exceeded at times of exceptional rainfall.6
Other factors in determining the amount of run-off are the previous
wetness of the ground, the steepness of the slope, and the imperviousness
of the soil. After a moderately heavy summer shower the run-off in a
suburban residential district is usually 30 percent, in a compact residential district with a house on every lot, 40 percent, in factory areas as
much as 80 percent of the rainfall must be carried away by the sewers,
while in some mercantile districts the run-off has been found to be as
great as 85 percent.7
In semi-arid regions which get their rain from infrequent cloudbursts, gutter and sewer capacity must be great. Moreover in places of
heavy rainfall, such as towns of northeastern Porto Rico, gutters must
be so deep that they have to be bridged over at the entrance to every
house.8
4 Horton, loc. cit.
5 See note by Voorhees, pp. 00 below.
* Horton, R. E . : Some Broader Aspects of River Intensities in Relation to Storm Sewer
Design, Municipal and County Engineering, June-July, 1919, pp. 1-22. Abstract
Mo. Wea. Rev., Oct., 1919, vol. 47, p. 721.
7 Sullivan, W . E . : Rainfall Intensities and City Sewerage in Cincinnati, Bull. Amer. Met'L
Soc., Feb., 1924, vol. 5, pp. 23-24.
"Brooks, C. F . : Why the Weather? No. 387. (From personal observation).
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A study of the available water supply is of especial importance to
farmers. For them the knowledge of rainfall alone is not sufficient, they
are concerned with the amount of water available for their crops. They
should know the evaporation from the plant surface and ground and the
amount of run-off and seepage during the growing season.9 Furthermore rainfall amount, distribution, and intensity are factors of prime
importance in land drainage, in dry farming, and to a considerable
extent in irrigation.
Floods

Whenever land not usually covered with water becomes inundated, a
flood is said to occur. Floods may take place along the shores of oceans,
or lakes, or along river courses. Because of the frequent occurrence and
disastrous results of river overflows, flood forecasting has become an important part of the work of the U. S. Weather Bureau. "River stages
are so intimately associated with precipitation, temperature, and at times
wind velocity and direction, the fluctuation of the stages can be forecast
in a satisfactory manner only by one having at his command extensive
and fresh meteorological information."10 "The forecasting of the river
stage is the most important part of the river work, just as the forecasting of the weather and storms is the most important work of the Weather
Bureau."11 It has saved many human lives, and the millions of dollars in
property cannot be estimated.12 In one year ending July 1, 1924, for
example, reported flood losses are estimated to aggregate $29,519,522,
while the reported value of property saved through the flood warnings
issued by the Bureau was about $12,000,000, an amount sufficient to maintain the entire Weather Bureau on its present basis for about five years.13
Most floods are caused by the sudden release of much water either (1)
from excessive precipitation or (2) from the rapid melting of snow,
often accompanied by heavy rainfall. A striking example of this type
of flood was that in the Ohio valley in 1913, when after a rainfall of
five days' duration the river and its tributaries overflowed their banks,
inundating the city of Dayton, Ohio, and many smaller towns, and causing a loss of 415 lives and more than $18,000,000 in property.14 Secondary
to the major causes are the breaking of dams and levees, or the sudden
changing of its course by a river. The breaking of the levees along the
lower Mississippi results in immediate inundation of the land on either
side; in fact, this disaster is so expected that the clause "provided the
levees hold" is frequently inserted in flood predictions for this area. The
breaking of artificial dams has caused many floods, of which the Johnstown, Pa., and the more recent Pueblo, Col., disasters are striking examples. The Hwangho, by changing its course across the delta nine
times in the last two thousand years, has caused the loss of many milVoorhees, J. F . : A Preliminary Study of Effective Rainfall, Bull, Amer. Met'l Soc.,
Feb., 1925, vol. 6, p. 38, discussion.
Hayes, Montrose W . : Some of the River Problems the Meteorologist Can Best Handle,
Bull. Amer. Met'l. Soc., Feb., 1924, vol. 5, p. 27.
11 Devereaux, W . C.:
Some of the River Problems the Meteorologist Can Best Handle,
Bull. Amer. Met'l. Soc., Feb. 24, vol. 5, p. 2,5.
12 Hayes, loc. cit.
13 Report of the Chief of the Weather Bureau, 1923-1924.
Washington, 1925, p. 10.
14 A discussion of the meteorological and flood conditions by A. J. Henry is published in
Mo. Wea. Rev., March, 1913, vol. 41, pp. 485-488.
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lions of lives. In 1887 more than a million people were drowned and
many more died of disease and famine when it made an unexpected
change.15 Occasionally special types of floods may occur, those caused
by the blocking of a river by an avalanche, landslide or glacier, or by the
formation of ice dams in narrow parts of the channel during the spring
breakup. The great ice gorge in the Ohio River below Cincinnati in
1918 destroyed more property there than any of the other great floods.16
Only those river floods resulting from the melting of snow, heavy
rain, or other released known quantities of water upstream can, of
course, be forecast. The forecaster in charge of each river center has a
definite part of the river system for which he must forecast. He receives daily reports of the rainfall which has fallen over his area and of
river gauge readings on tributary streams and on other parts of the
main river; he has to take into consideration, in addition, the temperature, the rate at which snow is melting, the area and slope of the
watershed.
Floods can be predicted from one to three or more days in advance
according to the location. From a careful study of former floods, the
forecaster knows the time required for the flood crest to pass from one
place to another.17 Moreover the height of the flood as well as the time
of its arrival is predicted. Near the head of a river the flood rises
rapidly and forecasts can be only approximate, while along the lower
courses, when conditions are known for long distances upstream, they
can be made to the tenth of a foot.18
The work of the "river man" does not stop with the issuing of flood
warnings. A seasonal snow survey is carried out in the western mountains during the early spring and a forecast of stream flow is made
therefrom which is important not only in predicting floods, but in estimating the amount of water available for irrigation and power during
the summer months.19 The Weather Bureau can tell the period most
favorable for work along rivers, it can aid river transportation by
knowing the number of days navigation will be interrupted by high
water and ice, it can determine the number of times a piece of property
has been flooded during 50 years.20 Some of the many branches of hydrometeorology control the life of the people and the safety and use of their
property in certain regions at least, influence the location of their
homes and industrial plants, provide water power, make irrigation
possible, afford a cheap means of transportation.
Discussion

In commenting on run-off, Mr. J. F. Voorhees has submitted the following notes from his own observations.
As to cloudburts. After about a year in the desert of southern Nevada
I am fairly convinced that the destruction due to so-called cloudbursts
is not the result of exceptionally heavy rains, but is due to the steepness
18
16
17
18
19
20

Salisbury, Barrows and Tower, Elements of Geography, New York, 1912, p. 375.
Devereaux, loc. cit.
Moore, W . L . : Descriptive Meteorology, p. 240.
Hayes, loc. cit.
Church, J. E., Jr.: Snow Surveying for the Forecasting of Stream Flow, Engineering
News Record, Feb. 10 and 17, 1921, pp. 244-304.
Devereaux, loc. cit.
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and imperviousness of the soil. A rainfall of one or two inches which
is rather common in the eastern part of the country and results in little
if any run-off will, under the conditions prevailing in the desert, rush
down the steep rocky slopes to the narrow valleys and there attain a
volume that sweeps all before it.
At Tonopah, Nevada, where I was stationed, what looked like a perfectly level desert had a slope of 100 feet to the mile which is four
times as steep as the upper reaches of the rivers in east Tennessee
which appear to be merely a succession of rapids.
The point that interests me most, however, is the discussion of run-off
in forested areas and grass-land.
In 1910 I became interested in the question of the effect of forests on
streams. We had a rather long dry spell in the late summer and I conceived the idea of making a test of the rapidity with which soils having
different kinds of cover would take up water. The test was conducted
as follows:
The place selected was the north slope of a dolomite ridge about 200
feet high and having a slope of 18 to 20 degrees. As steep in fact as
ordinary soil will stand up. The ridge was about a half mile long and
had several different kinds of cover. Five points were selected for the
tests. 1, was a section cleared of timber to the top and covered with a
heavy growth of bluegrass. 2, was in timber from bottom to top, composed of oak, chestnut, poplar, etc. 3, was another cleared section of
the slope covered with blackberry briars. 4, was covered with pine and
cedar, and 5, was a bare ridge between two gullies about 15 feet apart
and 4 feet deep and just at the foot of the pine and cedar covered slope.
The plan of the test was to get samples from the 1st, 2nd, and 3rd
foot below the surface just before and just after a rain and to determine
which set of samples had acquired the most moisture. The quantitative
determinations were not very accurate, but there was no question that
the third foot in every test acquired more water under the grass and
briars and also under the bare ridge than did the samples under the
hardwood or pine cover.
The test was made five or six times during a period of about four
years or whenever the ground had become unusually dry.
The first samples were taken at the end of an unusually long dry
period on the afternoon of a day when the weather map showed that
rain was practically certain. During the night and the next forenoon
rain fell to the depth of 2.00" or more. Immediately after the rain
ceased, the second set of samples was taken. In taking the samples before the rain it was found necessary in all cases to give the augur considerable slope because when it was vertical the soil would run through
it. After the rain the 3rd as well as the 1st and 2nd foot on the grass
covered, briar covered and bare slopes were muddy, while the lower 18
inches under the hardwood and pine covered slopes was still so dry that
the augur had to be slanted in order that the dirt might be raked out as
it ran through the augur when it was vertical. These conditions were
repeated in every test made. It should also be mentioned that on the
hardwood slope there was from three to six inches of leaves and leaf
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mold and on the pine and cedar slope from one to three inches of mold
and needles.
Why these results?
First, because of interception by and evaporation from the trees not
as much water reached the ground there as in the open. Second, the
leaves and pine needles will shed water about as well as shingles, while
the grass and briars retard the runoff and give it time to soak in. Even
the bare surface between the gullies absorbed the water more freely
than the leaf covered surface.
These results led me to observe the wooded and cleared slopes in east
Tennessee very carefully and my observations have confirmed my belief
that this experiment has revealed the real condition of things.
Steep wooded slopes are more frequently gullied than are grass covered
slopes. Often these gullies are so large that big trees have been undermined and have fallen in them. Ridges cleared half way up and capped
with timber frequently, I believe I might say usually, show gullies in
the lower cleared part where the water running out of the timber has
cut into it. Ridges covered with timber all the way down just as frequently show gullies in the lower part and nearly always show gullies
in the level ground at the bottom. Ridges that have been cleared to the
top for many years are usually not gullied either on the lower slopes
or at the bottom.
You will see from the above why I have long felt that the commonly
accepted theory as to the effect of forests on stream flow is diametrically
opposed to the facts, in east Tennessee at least.
It might also be added that samples were taken from a flat meadow
and a flat piece of woods also and that in both of these cases the results
were the same as on the grassy and briar covered slopes.—J. F. Voorhees.
THE GENERAL PROBLEM OF THEORETICAL

METEOROLOGY

B y EDGAR W . W O O LARD

Only after much labor does law usually become apparent in natural
phenomena, particularly when these phenomena are as complex as those
of the atmosphere. W e cannot reasonably doubt, however, that the
processes of weather are simply examples of the operation of ordinary
physical laws, even though special methods may be required for the
treatment of the special problems involved.
Meteorology, exclusive of the mere description of weather, climate,
and atmospheric phenomena, and apart from more or less independent
subjects such as meteorological optics, atmospheric electricity, etc., is
fundamentally the mechanics and thermodynamics of the atmosphere,
all other aspects being of minor importance so fas as weather phenomena
are concerned. Dynamical meteorology deals essentially with the study
of the behavior of a permanent gas, surrounding a rotating globe and
exposed to solar radiation, dilatable with heat and compressible with
pressure, mixed with small and variable percentages of vapors that condense to liquids or solids at ordinary low temperatures. The state of
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