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PREFATORY NOTE 

This volume is the eighth of a series of Technical Reports 
issued in connection with the planning and execution of the no- 
table system of flood protection works now being built by the 
Miami Conservancy District. 

The Miami Valley, which forms a part  of the large interior 
plain of the central United States and comprises about 4000 
square miles of gently rolling topography in southwestern Ohio, 
is one of the leading industrial centers of the country. Out of 
the great flood of March, 1913, which destroyed in this valley 
alone over 360 lives and probably more than $100,000,000 worth 
of property, there resulted an energetic movement to prevent a 
recurrence of such a disaster by protecting the entire valley 
by one comprehensive project. The Miami Conservancy District, 
established in June, 1915, under the newly enacted Conservancy 
Act of Ohio, became the agency for  securing this protection. 
On account of the size and character of the undertaking, the 
plans of the District have been developed with more than usual 
care. 

A report of the Chief Engineer, submitting a plan for the 
protection of the District from flood damage, was printed in 
March, 1916, in three volumes of about 200 pages each. After 
various slight modifications, this report was adopted by the 
board of directors a s  the Official Plan of the District, and was 
republished' in May, 1916, under the latter title. This plan for 
flood protection includes the building of five earth dams across 
the valleys of the Miami River and its tributaries to form re- 
tarding basins, and the improvement of several miles of river 
channel within the towns and cities of the valley. It is esti- 
mated that the dams will contain nearly 8,500,000 cubic yards 
of earth ; that  their outlet structures will contain nearly 200,000 
cubic yards of concrete ; that  the river channel improvements 
will involve the excavation of nearly 5,000,000 cubic yards ; and 
that the whole project will cost about $35,000,000. 

At the time of the publication of this volume the flood con- 
trol works are  about three-fourths completed. The Germantown 
dam and a considerable portion of the channel improvement 

\ 

, 

5 



6 M I A M I  CONSERVANCY DISTRICT 

work are entirely finished, and the remaining dams and channel 
work are  rapidly approaching completion. 

In  order to plan the project intelligently many thorough 
investigations and researches had to be carried out, the results 
of which have proved of great value to the District and will 
also, i t  is believed, be of widespread use to the whole engineer- 
ing profession. To make the results of these studies available 
to the residents of the State and to the technical world a t  large, 
the District is publishing a series of Technical Reports contain- 
ing all dsata of permanent value relating to the history, investi- 
gations, design, and construction of the flood prevention works. 

The following list shows the titles of the reports published 
to date and the price a t  which they may be purchased. 

Pa r t  1.-The Miami Valley and the 1913 flood, by A. E. 
Morgan, 1917, 125 pages, 44 illustrations ; 50 cents. 

Pa r t  11.-History of the Miami flood control project, by C. 
A. Bock, 1918; 196 pages, 41 illustrations; 50 cents. 

Par t  111.-Theory of the hydraulic jump and backwater 
curves, by S. M. Woodward. Experimental investigation of the 
hydraulic jump as a means of dissipating energy, by R. M. 
Riegel and J. C. Beebe, 1917 ; 111 pages, 88 illustrations ; 50 cents. 

Par t  1V.-Calculation of flow in open channels, by I. E. Houk, 
1918 ; 283 pages, 79 illustrations ; 75 cents. 

Pa r t  V.-Storm rainfall of eastern United States, by the 
engineering staff of the District, 1917; 310 pages, 114 illustra- 
tions; 75 cents. 

Pa r t  VI.-Contract forms and specifications, by the engin- 
eering staff of the District, 1918, 192 pages, 3 folding plates, 
and index ; 50 cents. 

Atlas of selected contract and information drawings to ac- 
company Part VI;  139 plates, 11 by 15 inches; $1.50. 

Par t  VI1.-Hydraulics of the Miami flood control, project, 
by S. M. Woodwad’, 1920 ; 344 pages, 126 illustrations ; $1.00. 

Par t  VII1.-Rainfall and runoff in the Miami Valley, by 
I: E. Houk, 1921 ; 236 pages, 51 illustrations; 75 cents. 

Technical reports on the following subjects are’contemplated. 
Laws relating to flood control. 
Structural design, construction plant and methods. 
Methods of appraising property benefits and damages. 
Orders for  Technical Reports should be sent to: 

The Miami Conservancy District, Dayton, Ohio. 

Dayton, Ohio, 
Jan. 1, 1921. 

Arthur E. Morgan, 
Chief Engineer. 
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CHAPTER I.-INTRODUCTION 

GENERAL 

The purpose of this report is to present to the engineering 
profession the results of rainfall and runoff investigations car- 
ried on in connection with the Miami flood control project. 

When a n  engineering examination of the Miami Valley was 
begun, immediately after the great flood of March, 1913, in 
order to  determine the best plan for preventing adamage by fu- 
ture floods, an  investigation of rainfall and runoff conditions 
was naturally one of the first  lines of attack. It was recognized 
a t  the start that  a knowledge of rainfall and runoff would be 
essential in determining the size of the flood to be provided for, 
in the design of the flood protection works, and in the assessment 
of the benefits and, damages which would result from the con- 
struction of the works, as well as  in the many other problems 
which probably would be encountered as the development of the 
plans proceeded. However, as the work progressed and as the 
magnitude of the problem became apparent, the importance of 
collecting such data became even more pronounced than had been 
originally anticipated. Consequently the collection of rainfall 
and runoff records and the studies of rainfall and runoff rela- 
tions were more or  less gradually expanded- during the first few 
years of the work. 

While there were several rainfall stations in the Miami Val- 
ley at the time of the 1913 flood, there were but three river 
gages, one a t  Piqua, one a t  Dayton, and one a t  Hamilton. The 
work of establishing additional stations was begun, in coopera- 
tion with the U. S. Weather Bureau, almost immediately; and 
within a few months daily records of rainfall and river stages 
and periodic measurements of discharge were being obtained a t  
several stations on the Mad and Stillwater Rivers, a t  German- 
town on Twin Creek, and a t  several additional places on the 
Miami River. Arrangements were also made with the various 
observers for special readings of river gages during flood 
periods. The number of stations and the amount of flood data 
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being secured, was increased from time to time as the work 
progressed, as  will be described in detail later. 

Extensive hydrographic surveys of the 1913 flood in the 
Miami Valley, and investigations of the rainfall over the valley 
during that storm, were carried on during the summer and fall 
of 1913. Studies of the relation of the flood runoff to the storm 
rainfall were made as soon as the data was available. Similar 
studies for  subsequent floods were made from time to time as 
the floods occurred. 

As a practical aid in the study of the relation of runoff to 
rainfall, a number of small experimental plats were established 
at Moraine Park, about five miles south of Dayton, where rain- 
fall and surface runoff could be measured on varying slopes and 
with varying soil conditions, as well as the rapidity and depth 
of soil saturation caused by different rains. After about four 
and a half years of records had been secured experiments were 
undertaken, using garden sprinkling cans to reproduce rainfall 
effects, in an  effort to develop a method by which rainfall and 
runoff relations could be determined for a given ' watershed 
without waiting the comparatively long time required1 for the 
collection of sufficient data from natural rainfall. The results 
obtained were so suggestive that similar plats were established 
a t  the Taylorsville Dam where data could be obtained on different 
types of soil. 

SCOPE OF THIS REPORT 

Chapter I1 describes the rainfall and runoff records obtained 
in the Miami Valley. The records available a t  the time of the 
1913 flood, the stations established since that time, the records 
secured a t  the various stations, the gages in use, and the methods 
of measurement are  all discussed, in detail. The actual records 
are  not'reproduced since the more valuable data is being pub- 
lished elsewhere. 
ticular records being published, and the manner in which the 
unpublished data may be secured are fully described. 

Chapter I11 takes up the rainfall, runoff, and soil moisture 
data secured on the small experimental plats a t  Moraine Park. 
The records a re  given in full, in tables and diagrams, and are 
d,iscussed in detail. The effects of variations in rainfall intensity 
and in soil moisture content on the surface runoff are  taken up, 
as are also the total rainfall, runoff, and retention during storm 

However, the places of publication, the par- ' 
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periods. A summary of the principal conditions shown by the 
data is given a t  the end of the chapter. 

Chapter IV is devoted to the sprinkling experi,ments at 
Moraine Park and Taylorsville. The results are  shown graph- 
ically, by means of mass curves. Summaries of the more im- 
portant data are given in tabular form. An interesting relation 
was found to exist between rates of rainfall, runoff, and re- 
tention when the surface soil is saturated. The total rainfall, 
runoff, and retention during the various experiments, as well 
as the rates, are  discussed in detail ; and some data is given re- 
garding the intensity and duration of precipitation before sur- 
face runoff begins.’ 

In  chapter V the monthly, seasonal, and annual rainfall, 
runoff, and retention throughout the Miami Valley are taken up. 
Annual conditions in the different drainage areas are  shown by 
means of tables and diagrams. Monthly and seasonal condi- 
tions are  discussed only for the drainage area above Dayton 
since the records available for the other stations are of com- 
paratively short duration. A method of studying the hydrology 
of a valley by means of mass curves is shown, using the data 
for the drainage area of Mad River above Wright as  an example. 
Discussions of the proportions of ground water runoff and flood 
runoff are  included for the Stillwater, Mad, and Miami Rivers, 
and Buck Creek. 

Chapter VI discusses the rainfall and runoff during the 
great flood of March, 1913. The data is shown by means of maps 
and diagrams, but the complete station records are  not included. 
The distribution of the rainfall as  regards time as  well as ld’rain- 
age area, the characteristics of the flood hydrographs, and the 
relation of the flood runoff to the storm rainfall are discussed. 

Chapter VI1 takes u p  the studies of rainfall and runoff which 
have been made for floods occurring since March, 1913. The 
total rainfall, runoff, and retention during flood periods; the 
maximum rates of rainfall and runoff; and the maximum values 
of retention are given in tabular form and are described incthe 
text. Data is also included relating to storage in stream chan- 
nels and on the ground, and to precipitation intercepted by trees. 
Brief descriptions of the various floods a re  given but the de- 
tailed rai4nfall and runoff records are not included. 

Chapter VI11 contains a brief description of the flood fore- 
casting work of the District and of the methods used in making 
the forecasts. 

’ 
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I 

THE MIAMI VALLEY 

Rainfall and runoff conditions vary so widely with variations 
in geology, topography, and climate that it seems pertinent to 
give a brief description of the Miami Valley. 

As may be seen by referring to figure 1 the Miami River' 
flows in a southwesterly direction through southwestern Ohio, 
entering the Ohio River a t  the Inldiana and Ohio state 
line. It drains a rather fan shaped area of about 4000 square 
miles lying almost wholly in Ohio. The Whitewater River which 
joins the Miami near its mouth and which drains an area of 
about 1400 square miles lying almost entirely in Indiana, has 
not been shown since it is not affected by the works of the 
Miami Conservancy District. 

The Miami River is about 163 miles in length. Its drainage 
basin, which includes parts of 15 counties, measures about 120 
miles on the longer axis and about 70 on the shorter. The more 
important tributaries below Dayton, following northward up the 
west side of the Miami, are : Indian Creek, emptying, just  above 
Venice; Four Mile Creek, a flashy stream entering just  above 

*History of the Miami Flood Control Project, by C. A. Bock, Technical 
Reports, Part 11, The Miami Conservancy District, Dayton, Ohio, 1918, 
page 115. 
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FIG. 1.-MAP OF MIAMI RIVER DRAINAGE AREA SHOWING 
GAGING STATIONS. 

The drainage areas above the  river stations, in square miles, are  
shown by the numbers placed under the names of the  stations. 

Hamilton ; and Twin Creek, with its 'outlet just  below Franklin. 
Seven Mile Creek flows into Four Mile Creek just above its 
junction-with the Miami. Four streams, the Miami, Mad, and 
Stillwater Rivers, and Wolf Creek unite within the city limits 
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of Dayton. Just  above Piqua, about 27 miles north of Dayton, 
the Miami is joined by Loramie Creek. Greenville Creek enters 
the Stillwater River from the west a few miles above Pleasant 
Hill. ruck  Creek joins the Mad River from the east at Spring- 
field. 

The topography of the Miami Valley may be described as 
gently rolling with the general elevations of the uplands varying 
from about 800 feet above sea level near the mouth of the river 
to about'1100 feet near the headwaters. The slopes are  compara- 
tively flat near the headwaters but increase more o r  less grad- 
ually toward the southwest, being comparatively abrupt near 
the Ohio River. Except for its southernmost portion the entire 
basin bears evidence of having been covered by ice during the 
glacial period. The preglacial valleys carved in the limestone 
formations and the crests of the preglacial hills have been al- 
most entirely obliterated by the ice. The Miami River and its 
principal tributaries flow in the partially filled valleys in  com- 
paratively insignificant channels. 

The Miami River has a drop of about 2 feet per mile in the 
first 30 miles, and of about 3.3 feet throughout the major por- 
tion of its course. The Stillwater and Mad Rivers are  some- 
what steeper, the former sloping a t  a rate of about 4 feet per 
mile and the latter a t  a rate of about 6 feet. The smaller tribu- 
taries are  still steeper, the slopes increasing as we proceed down- 
stream. Twin, Four Mile, and Seven Mile Creeks are  noted 
for the suddenness with which they rise and the short duration 
of their flood stages. The rolling topography, together with the 
fan shaped arrangement of the larger tributaries, present sin- 
gularly favorable conditions for quick collection of storm runoff 
and the formation of high flood crests. 

\ RAINFALL AND RUNOFF RELATIONS 

Rainfall and runoff relations have been studied extensively 
during recent years. While more or less progress has  been 
made, in methods of investigation as well as  in final results, 
the  problem is still f a r  from a complete solution. Early in- 
vestigators frequently tried to express runoff as a percentage 
of rainfall; more recently runoff has  been considered as a 
residue remaining after the  various losses a re  supplied. This 
was undoubtedly a step in advance, since runoff is, essentially, 
a residue remaining af ter  the  demands of evaporation, trzns- 
piration, and deep seepage are filled. However, these quanti- 
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ties, themselves, are  so variable and are  affected by so many 
factors tha t  no simple accurate formulas for  their calculation 
can be developed. It must be recognized that  there is no 
simple relation between rainfall and runoff and that  runoff 
can be determined from rainfall within narrow limits, only 
after very careful study of all existing data by experienced 
hydraulic engineers. Even then the results may be consider- 
ably in error. 

This volume does not take up in a general way the factors 
affecting either rainfall or  runoff. Neither does it give any 
general review of the work of other investigators. For such 
matters the reader is referred to the original publications and 
the more recent works on hydrology, listed in the bibliography 
at the end of the book. The purpose of this report, as before 
mentioned, is to present the results of the investigations which 
have been carried on in connection with this project. These 
were necessarily confined more to studies of actual rainfall and 
runoff conditions in this valley than to the general laws affect- 
ing such phenomena. It will be valuable, however, to point out 
briefly the more general conclusions regarding rainfall and 
runoff relations in the Miami Valley, which seem to be justi- 
fied by the data contained herein. 

The Moraine Park records taken up in chapter 111. show: 
1. That  variations in surface slope are  of much less 

importance as affecting runoff than are  variations in vegetable 
cover. 

2.  That  intensity of precipitation has an important. effect 
on the occurrence and amount of surface runoff. 

3. That  during the summer months rainfall seldom 
percolates to such depths that  it is not raised again by capillar- 
ity or  by root action and evaporated or transpired back into 
the atmosphere. 

That storage in the surface soil, filled during winter 
rains, furnishes about 5 inches of water to the summer evap- 
oration and transpiration requirements. 

The  sprinkling experiments described in chapter IV show: 
5. That  the rate of surface.runoff increases as the rate 

of precipitation increases, the former being directly propor- 
tional to  the latter when the surface soil is saturated. 

6. ' That  the rate of percolation, when the surface soil is 
saturated, increases as the rate of rainfall increases, the varia- 
tion being according to a straight line equation and the rate of 

4. 
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increase being proportionally greater for loose loamy soils 
than for heavy clay soils. 

That cultivation has a relatively important effect in 
reducing the amount of surface runoff. 

7 .  

The studies of annual runoff given in chapter V show : 
8. That annual evaporation, including transpiration, is 

not constant, but varies with the seasonal distribution and 
amount of rainfall, as well as with other meteorological fac- 
tors, the variation for the drainage area above Dayton being ' 
slightly greater than the  variation in annual rainfall. ' 

That annual runoff is much more variable than either 
annual rainfall or annual evaporation. 

That  annual surface, or flood, runoff is much more 
variable than the annual low water, or ground water, runoff, 
the variations in total annual runoff being caused primarily 
by the variations in surface runoff. 

That the character and condition of the soil influences 
runoff to  a greater extent than has been generally recognized, 
and next to rainfall is the most important factor affecting 
runoff. 

The studies of storm rainfall and flood runoff taken up in 
chapter VI1 show: 

12. That the total retention during similar storms -is 
greater in the summer than in the winter. 

Some of the above conclusions are simply confirmations of 
recognized laws. Others, however, such as number 6 ,  relating 
to the rate of percolation, are  new. 

It is believed that  the sprinkling method of investigating 
rainfall and runoff relations, described in chapter IV, offers 
distinct possibilities ; and it is hoped that  other investigators 
will try this out in different parts of the country and on differ- 
ent soils. Of course whenever sufficient funds are  available 
it would be desirable to install lysim'eters so that  the percola- 
tion can be directly measured. Such experiments might be 
taken up by senior or graduate students at the various tech- 
nical colleges. ,Persons desiring to pursue the matter might 
secure rainfall and runoff d.ata, similar to that  contained in 
chapter IV, for different soils, a t  different seasons of the year, 
with different surface coverings, and in different stages of 
cultivation. Data might also be secured on the intensity and 
duration of precipitation which will cause surface runoff to 
begin on different soils, covered with different growing crops 

9. 
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in different stages of growth. Engineers engaged on projects 
requiring a knowledge of rainfall and runoff relations can 
probably secure valuable information in a few months by such 
methods. 

Better information regarding variations in soil absorption, 
percolation, evaporation, and transpiration caused by varia- 
tions in soil texture, soil moisture, temperature, rainfall, sur- 
face conditions, and so forth, will be of material assistance in 
studies of flood runoff and storm rainfall. Probably future 
studies of the relation between rainfall and runoff will give 
better results if the flood runoff and low water runoff are  
considered separately, even though the  division between the 
two may have to be more or less arbitrarily made. This should 
be especially true where the flood runoff constitutes a large 
proportion of the total and is as variable as it is in the Miami 
Valley. 

Records of total rainfall and runoff should be published 
whenever possible, since such information always is valuable 
to hydraulic engineers. From a large accumulation of such 
records certain generalizations sometimes can be made. Where 
the records are  of long duration they furnish valuable data for 
studies of abnormally dry and wet years as well as of the 
general variations in total amounts. However, such data is of 
limited application in that  it includes the cumulative effects 
of the different fundamental laws affecting these phenomena, 
and it is doubtful whether a detailed study of such records 
will indicate very definite relations between the two which 
can be blindly applied to other drainage areas. 



CHAPTER 11.-RAINFALL AND RUNOFF RECORDS 

RECORDS PRIOR TO 1913 

In May, 1913, when the Miami Valley flood prevention sur- 
veys were begun, the United States Weather Bureau maintained. 
the only gaging stations within the Miami River drainage area 
above the mouth of the Whitewater. There were eight of these,. 
located a t  Springfield, Urbana, Bellefontaine, Sidney, Piqua, 
Greenville, Dayton, and Hamilton. A few additional stations, . 
also maintained by the Weather Bureau, were located just out- 
side the valley a t  Kings Mills, Waynesville, Plattsburg, Kenton, 
Wapakoneta, and New Bremen, Ohio, and a t  Richmond and Sal- 
amonia, Indiana. 

Daily rainfall records were being secured a t  all places. At 
some stations the records had been taken for comparatively 
long periods of time. At  Dayton, 'for instance, continuous rec- 
ords had been taken since November, 1882 ; and at Urbana, dur- 
ing the period from January, 1852, to April, 1878, and after 
January, 1896. At  Greenville, continuous records had. been 
taken since February, 1886. 

Rainfall records were also available a t  a few stations which 
had 'been established, and later discontinued, by the Weather 
Bureau. Among these might be mentioned the 10-year records 
a t  Bethany and Oxford, Butler County, and at New Paris, Preble 
County, and the 40-year record a t  Jacksonburg, Butler County. 

However, the river gage records were much fewer in number. 
Of the above mentioned eight stations within the Miami Valley, 
river records were being secured a t  only three, Piqua, Dayton, 
and Hamilton. At Piqua, flood stages had been observed from 
January 1, 1907, to December 31, 1910, and daily stages after 
January 1, 1911. At  Dayton, continuous daily stages had been 
observed beginning December 22, 1892. At  Hamilton, flood 
stages had been observed from November 15, 1904, to February . 
28, 1910, and daily stages beginning with March 1, 1910. 

The Water Resources Branch of the U. S. Geological Survey 
had maintained a river station on Mad River, about four miles 
west of Springfield, from December 31, 1903, to March 31, 1906; 
during which time they secured daily gage readings, except for 

' ' 02,o 22 
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certain short periods during the winter months, and made sev- 
eral measurements of discharge. They had also developed a 
satisfactory rating curve for the channel a t  Hamilton, for stages 
up to  about twenty feet, and had made a number of low water 
discharge measurements a t  Dayton. 

In  addition to the above, a few records of maximum flood 
heights a t  Dayton were available in the early histories and news- 
papers of the Miami Valley. 

Dayton was made a regular Weather Bureau station in 
August, 1911. From that time the usual meteorological records 
taken a t  such stations were available for Dayton, including the 
automatic records of sunshine, wind velocity, wind direction, 
and precipitation, made by the triple register, as well a s  the 
records of barometric pressure, relative humidity, temperature, 
and the like. 

STATIONS ESTABLISHED SINCE 1913 

The river records being secured in 1913 were, of course, 
inadequate for  the flood prevention studies. While the rainfall 
records were fairly satisfactory for investigations involving the 
entire drainage area, they, also, were inadequate for  the inten- 
sive studies which would be required for  the smaller tributaries. 
Consequently steps were a t  once taken, in cooperation with the . 
U. S. Weather Bureau, to secure additional stations. 

During the years 1913 and 1914 sixteen new stations were 
established as  follows : 

1. Rainfall stations, established by the U. S. Weather Bu- 
reau, a t  New Carlisle, Lake View, Versailles, St. Paris, Mt. 
Healthy, Fernbank, and Germantown. 

2. Rainfall and river stations, established by the Dayton 
Flood Prevention Committee in cooperation with the U. S. 
Weather Bureau and maintained by the Weather Bureau, as 
follows : b 

Sidney-On the Miami River 
Tadmor-On the Miami River 
West Milton-On the Stillwater River 
Springfield-On the Mad River 

' 
3. River stations established by the Dayton Flood Preven- 

tion Committee : 
Germantown-On Twin Creek 
Wright-On Mad River 
Seven Mile-On Seven Mile Creek 
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Four Mile-On Four Mile Creek 
Springfield-On Buck Creek 

Since 1914 additional rainfall stations have been established 
by the U. S. Weather Bureau at Oxford, West Manchester, 
Eaton, Xenia, and Marysville. 

A rainfall station was established by the Weather Bureau 
a t  Woodstock in August, 1916, but owing to the difficulty of 
securing satisfactory records the station was discontinued a few 
months later. The Dayton Flood Prevention Committee estab- 
lished a rainfall station at Moraine Park, about five miles south 
of Dayton, in March, 1915. 

In  the fall of 1915 the Miami Conservancy District, which 
had taken over the work of the Dayton Flood Prevention Com- 
mittee, established a river station on Loramie Creek a t  Lock- 
ington. In  the spring of 1916, after the retarding basin plan of 
flood control had been decided upon, the District established 
eleven new river stations as  follows: 

Fort  Loramie-On Loramie Creek 
Newport-On Loramie Creek 
Troy-On Miami River 
Tippecanoe City-On Miami River 
Miamisburg-On Miami River 
Franklin-On Miami River 
Middletown-On Miami River 
Pleasant Hill-On Stillwater River 
Medway-On Mad River 
Ingomar-On Twin Creek 
Dayton-On Wolf Creek 

The stations on Loramie and Twin Creeks, on the Stillwater 
and Mad Rivers, and the Troy and Tippecanoe City stations on 
the Miami River, were located within the proposed retarding 
basins. The primary purpose in establishing these was to  se- 
cure records of flood heights, before the dams were started, 
for use in settling %questions tha t  may arise when construction 
work is finished. The stations on Wolf Creek and on the lower 
Miami River, a t  Miamisburg, Franklin, and Middletown, were 
established primarily for  use in flood forecasting. A sta- 
tion on the Miami River a t  Elizabethtown, near the mouth of 
the river, was established for the same purpose in June, 1918. 
A station on the Miami a t  New Baltimore was established by 
the Local Weather Bureau Office a t  Cincinnati, January 14, 1916, 
for use in forecasting flood stages on the Ohio River. 
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The U. S. Engineer Office, First Cincinnati District, estab- 
lished a river station on the Miami at Venice in June, 1915, and 
maintained records until July 1, 1920. At that time the Con- 
servancy District established a gage and continued the records. 

In the summer of 1918, after the construction of the flood 
prevention works had gotten under way, the Miami Conservancy 
District established river and rainfall stations a t  the German- 
town, Englewood, Taylorsville, and Huffman Dams, a rainfall 
station a t  the Lockington Dam, and also installed rain gages a t  
the Fort  Loramie, Pleasant Hill, and Ingomar stations. A river 
gage was installed at Miller's Ford, just  south of Dayton, in 
August, 1919, for use in determining discharges a t  Dayton dur- 
ing the progress of the river improvement work, since this work 
affected the rating curve for the Main Street section where the 
gage has always been located. 

Figure 1, page 17, shows the gaging stations being maintained 
in September, 1919. Different symbols are  used to dis- 
tinguish between the rainfall, river and rainfall, and river sta- 
tions, but no distinction is made between stations maintained 
by the U. S. Weather Bureau anid' those maintained by the Miami 
Conservancy District. Table 1 gives pertinent data relating to 
the various river stations, including the authorities maintaining 
the records. Figure 2 shows the station on Loramie Creek at  
Lockington. 

A cable station, for use in measuring the larger floods, was 
installed by the District a t  Taylorsville, about two miles south 
of the Tadmor station, in May, 1916. A view of this station is 
shown in figure 3. The old Miami and Erie Canal crosses the 

, valley on a fill a t  this place, thus causing the entire flow during 
large floods to be contracted from a width of about a half mile to 
a width of about 280 feet. 

Automatic recording river gages, of the electric transmission 
type, were installed by the District a t  the Dayton and Hamilton 
stations in the spring of 1917. These gages are  located in the 
offices of the District and consequently furnish accessible infor- 
mation regarding river stages a t  all times. 

Four small plats, where the rainfall, runoff, and soil absorp- 
tion could be measured, were established a t  Moraine Park, about 
five miles south of Dayton, in March, 1915. A standard rain 
gage was installed at the writer's residence in June, 1916 ; and a 
second gage was installed under the trees at the same place in 
July, 1919, in order to determine the amount of rainfall inter- 

9. 
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cepted by trees. Plats similar to those at Moraine Park were 
established a t  the Taylorsville Dam in July, 1920, so that rain- 
fall and runoff experiments could be carried on, using a sprink- 
ling can to reproduce rainfall effects. 

RECORDS BEING SECURED 
Daily rainfall records, including notes regarding the times 

of beginning and ending of the rain, are being secured a t  all but 
one or  two of the rainfall stations shown in figure 1. In addi- 
tion, automatic graphical records of rainfall and river stage are  
being secured a t  Dayton. Similar automatic rainfall records 
are, of course, being taken a t  several regular Weather Bureau 
stations surrounding the Miami Valley, such as Cincinnati, In- 
dianapolis, Fort  Wayne, Columbus, and Toledo. Daily records 
of gage heights are being secured a t  all river stations except 
New Baltimore and the one on Wolf Creek, where only flood 
records are being secured. 

The daily river and rainfall observations taken a t  the Weather 
Rureau stations are  recorded on the usual forms and are  reported 
a t  the end of each month. Observers at some of the stations 
shown on figure 1 send their reports to the local Weather Bu- 
reau office a t  Dayton. The others report to the office a t  Colum- 
bus. Observations taken at the Miami Conservancy District's 
stations are  recorded on postal card forms and are  mailed to 
the headquarter's office at Dayton at the end of each week. 

Special highwater readings of the river gages, for use in 
determining flood hydrographs, are  being secured by the District 
at the following stations : 

Sidney-On the Miami River 
Piqua-On the Miami River 
Tadmor-On the Miami River 
Miamisburg-On the Miami River 
Franklin-On the Miami River 
Middletown-On the Miami River 
Lockington-On Loramie Creek 
West Milton-On Stillwater River 
Springfield-On Buck Creek 
Springfield-On Mad River 
Wright-On Mad River 
Dayton-On Wolf Creek 
Germantown-On Twin Creek 
Seven Mile-On Seven Mile Creek 
Four Mile-On Four Mile Creek 
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In general, these readings are taken every 

29 

hour during the 
rising flood, every two hours during the day following the time 
of maximum stage, and then three times each day until the water 
has fallen to about the stage existing before the rise began. Each 
day’s readings are recorded on a special postal card form and 
mailed to the headquarter’s office as soon as possible. 

Special reports from the greater number of both river and 
rainfall stations, for use in forecasting flood heights, are made 
direct to the Conservancy District during critical periods, as 
well as to the Weather Bureau. These reports are made by tele- 
phone or telegraph as soon as the rainfall amounts to  0.70 of an 
inch, provided i t  has fallen in 24 hours or less ; or whenever there 
is a sudden rise in the river stage amounting to three feet or 
more. A confirmation of each report is made by mail as soon 
as the message has been telegraphed or telephoned. These re- 
ports make possible the accurate forecasting of flood conditions 
and also furnish valuable information regarding flood runoff 
and storm rainfall. 

Rainfall measurements are recorded to the nearest hundredth 
of an inch. Where the precipitation is less than a hundredth 
of an inch the amount is indicated by a capital “T” meaning 
“trace.” River gage readings m e  observed aad recorded to the 
nearest tenth of a foot at all stations except Venice. At Venice, 
where the gage is of the Mott type, the observations are taken to 
the nearest hundredth of a foot. 

Readings to hundredths of a foot may be practicable a t  times 
during ordinary and low water stages where the stations are 
equipped with chain and weight or Mott gages, or with vertical 
staff gages graduated to hundredths. However, where the gages 
are of the vertical staff type, graduated to tenths only, i t  is 
doubtful if such precision is ever warranted, especially where 
the observers have had no technical training, as is generally the 
case. During flood conditions, o r  if there is a strong wind blow- 
ing, the water will rise and fall, intermittently, from a tenth to a 
half a foot or more; so that readings to hundredths, while me- 
chanically possible with certain gages, are accurate only to 
tenths of a foot at the best. 

GAGES IN USE 

Standard U. S. Weather Bureau rain and Snow gages are be- 
ing used a t  all rainfall stations. The regular Weather Bureau 
station a t  Dayton is also equipped with tipping bucket gage. 

* ’  .(I29 
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A chain and weight river gage is in use a t  the New Balti- 
more station, and Mott tape gages at Piqua and Venice. The 
other river stations are  equipped with vertical staff gages. Au- 
tomatic recording river gages of the electric transmission type 
are  in use at Hamilton and Dayton. 

The engineers of the Miami Conservancy District prefer 
the vertical staff gage to any other type, leaving out of consid- 
eration the sloping gages which are so expensive that they are  
feasible only in exceptional cases. The principal objection to 
the chain and weight gage is that  the chain gradually stretches, 
thus requiring the continual checking of the chain length and 
the correcting of the observer's reports. Another objection, 
which applies also to the Mott gage, is that the boxes, having a 
somewhat mysterious appearance, are  frequently broken into 
and the gages damaged. 

\ 

DISCHARGE MEASUREMENTS 

Measurements of discharge are made by the District a t  all 
r iverstations in the valley except New Baltimore and the Ger- 
mantown, Englewood, Taylorsville, and Huff man dams. Meas- 
urements are not made a t  these places since they are close to the 
other stations and since the conditions due to the construction 
work are  unfavorable for the securing of accurate data. The 
station at Venice was well rated by the engineers of the War 
Department, First Cincinnati District, during the flood of July, 
1915. 

Measurements are made during flood periods and more or 
less periodically during normal or low water conditions. They 
serve to determine the relations between gage heights and dis- 
charge, thus enabling the calculation of station rating tables and 
the compilation of daily stream flow records. Moreover, the 
inspections by the hydrographers furnish checks on the accuracy 
of the observer's readings and also supply information regarding 
channel conditions, effects of vegetation on stages, and the like. 

Periodic measurements of discharge a re  also made on var- 
ious artificial channels, carrying water for  industrial use, as 
follows : 

Miami and Erie Canal north of Fort  Loramie 
Miami and Erie Canal Feeder at Sidney 
Tail Race a t  Slusser-McLean Company's Plant a t  Sidney 
Miami and Erie Canal a t  Lockington 
Miami and Erie Canal Feeder north of Lockington 
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Miami and Erie Canal at Piqua 
Tail Race at Waterworks Pumping Plant at Piqua 
Miami and Erie Canal a t  Troy 
Mill Race a t  Troy. 
Miami and Erie Canal a t  Tippecanoe City 
Head Race at Tranchant & Finnell Mills at Osborn 
Miami and Erie Canal Feeder at Findlay Street, Dayton 
Miami and Erie Canal Feeder Wasteway below Findlay 

Miami and Erie Canal at Warren Street, Dayton 
Dayton Hydraulic Company’s Canal a t  Findlay Street, Dayton 
Miami and Erie  Canal at West Carrollton 
Hydraulic Canal a t  West Carrollton 
Miami and Erie  Canal a t  Miamisburg 
Tail Race at Grove & Weber Co.’s Plant, Miamisburg 
Tail Race at Ohio Paper Co.’s Plant, Miamisburg 
Tail Race at Miamisburg Paper Co.’s Plant, Miamisburg 
Miami and Erie Canal at Franklin 
Hydraulic Canal at Franklin 
Miami and Erie Canal a t  Middletown 
Hydraulic Canal at Middletown 
Miami and Erie Canal at Hamilton 
Hydraulic Canal above Reservoir ’at Hamilton 
Hydraulic Canal at Niles Tool Works, Hamilton 
Old River at Hamilton 
Head Race a t  Bentel Margedant Plant, Hamilton 
Wasteway a t  Ohio Electric Power Plant, Hamilton 
These measurements furnish the information needed in ben- 

efit and damage assessments as  well as in design of local channel 
improvements. They also furnish the additional data needed in 
calculating total runoff a t  river stations. Gagings at some of the 
above sections have recently been discontinued due to changes 
made in connection with the construction work. 

All gagings are  made with the small Price current meter, 
combination type, using the penta commutator whenever the 
velocities are  so high that single revolutions of the meter cannot 
be accurately counted. Observations are taken by the two-point 
method whenever feasible. During low water conditions meas- 
urements are made by wading, using the six-tenths depth method 
if the water is less than two feet deep. During floods it ig fre- 
quently necessary to resort to the surface method. In such 

Street, Dayton 

cases coefficients of from 0.8 to 0.9 are used to reduce the surface .:.\. :: .. 
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velocities to mean velocities, the particular coefficient used in 
a given case being determined from a study of vertical velocity 
curves taken at the given station. Stay lines have been used 
in some cases. 

The two-point method of measurement has been tested by 
about fifty vertical velocity curves, taken a t  various locations 
among the fifty odd gaging stations, in artificial as  well as  
natural channels. The average of the ratios of the velocity by 
the two-point method to the velocity determined from the curve 
was found to be 0.994 ; the average error of the two-point method, 
obtained by averaging, arlithmetically, the differences between 
the ratios and unity, was 1.24 per cent; and the maximum error 
for a single curve was 7.5 per cent. 

Gage readings are  taken before and after each measurement, 
to the nearest half tenth of a foot wherever practicable. Sound- 
ings are  recorded to the nearest tenth. Observations are taken 
in a t  least ten but not more than twenty vertical sections during 
each gaging, regardless of the width of the stream. If the ve- 
locity varies greatly across the stream the sections are spaced 
closer together than usual. 

In  computing discharges from field notes the velocities and 
depths measured in a given vertical are assumed to represent 
average conditions in a width of channel extending, on each side, 
half way to the adjacent verticals. Thtis method has been found 
to give fully as  satisfactory results as the method of averaging 
velocities and depths in adjacent vertical sections to  get the 
average conditions in the width of channel between sections. 
The latter method requires two operations not necessary in the * 

former. 
Current meters are  rated a t  least once each year, more fre- 

quently if necessary. However, the experience of the Miami 
Conservancy District has been that the ratings of individual in- 
struments, where the instruments have received proper care, 
seldom differ more than one or two per cent from the composite 
table furnished by the manufacturers. 

The meters were formerly rated by the Bureau of Standards 
a t  Washington. Recently, however, they have been rated in the 
river a t  Dayton, at a location just above a n  old concrete dam, 
where still water exists. Ratings are  made with the meters sus- 
pended by cables and held in place by lead torpedo weights, the 
conditions being made as nearly as possible like those under 
which the meters are  used. 
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STREAM FLOW RECORDS 
Daily stream flow records are being compiled for the follow- 

ing stations : 
Sidney-On the Miami River 
Piqua-On the Miami River 
Tadmor-On the Miami River 
Dayton-On the Miami River 
Franklin-On the Miami River 
Hamilton-On the Miami River 
Venice-On the Miami River 
Lockinbon-On Loramie Creek 
Pleasant Hill-On Stillwater River 
West Milton-On Stillwater River 
Springfield-On Buck Creek 
Springfield-On Mad River 
Wright-On Mad River 
Germantown-On Twin Creek 
Seven Mile-On Seven Mile Creek 
Four Mile-On Four Mile Creek 

The records are  tabulated on forms similar to those used 
by the U. S. Geological Survey, one sheet being used for each 
year a t  each station. These sheets givc the daiiy stages and dis- 
charges, the mean monthly discharges in second feet and in sc3c- 
ond feet per square mile, the monthly runoff in inches depth 
over the drainage area and in acre feet, the maximum and min- 
imum discharges for each month, the total runoff for the year, 
and the mean, maximum, and minimum rates of runoff for the 
year. 

The records are believed to be as accurate as  it is feasible 
to determine such data on streams similar to those in the Miami 
Valley. They are, of course, more accurate for the larger 
streams having the flatter slopes than for the smaller streams 
having the steeper slopes. The records for the Four Mile Creek 
station are  more unsatisfactory than those for any other station 
in the valley, due to the shifting of the control during floods. 
This shifting occurs during small rises of two or three feet as  
well as during the larger floods, owing to the sand and gravel 
deposits at the station and to the steep slope of the stream, about 
fifteen feet per mile. 

PUBLICATION OF DATA 
The daily rainfall records a t  Weather Bureau stations are  

published by the U. S. Weather Bureau in their “Climatological 



Data.“ The records at the Miami Conservancy District’s stations 
a re  not being published. e 

Daily gage heights at the river stations maintained by the 
U. S. Weather Bureau are  publislied annually in their “Daily 
River Stages a t  River Gage Stations on the Principal Rivers of 
the United- States.” Summaries of discharge measurements, 
daily stream flow records, and descriptions of stations, for sta- 
tions where stream flow records are being compiled, are pub- 
lished by the U. s. Geological Survey in their water supply pa- 
pers. Records secured at the other river stations are not pub- 
lished. Discharge measurements made on artificial channels are 
not published except where the results are needed to determine 
total runoff at river stations. In such czses the results are pub- 
lished in the U. s. Geological Survey water supply papers. 

The data on rainfall, runoff, and soil moisture collected at  
Moraine Park is given in full in chapter I11 of this volume. 
The data on rainfall intercepted by trees is given in chapter VIT. 

River or rainfall records secured by the Miami Conservancy 
District and not published may be obtained from the District at 
the cost of blue printing. 
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CHAPTER 111.--MORAINE PARK EXPERIMENTS 

In February, 1915, it was decided to make a series of field 
investigations of precipitation, surface runoff, and soil moisture 
a t  isolated plats of various characteristics, the object being to 
obtain data on the conditions under which surface, o r  flood, run- 
off takes place. For this purpose four small experimental plats 
were located in an orchard a t  Moraine Park, the home of Colonel 
E. A. Deeds, about five miles south of Dayton. It was recognized, 
of course, that these plats were too small and too few in number 
to be representative of the average conditions throughout the 
Miami Valley. In fact, i t  was known that the conditions are not 
typical. The area just south of Dayton consists of deep glacial 
deposits of sand and gravel, covered with a thin layer of surface 
soil, in the form of comparatively steep eskers and moraines; 
while the areas north of Dayton are slightly rolling glaciated 
areas with deeper surface soil underlaid by materials of various 
nature and geological age. However, it was thought that if a 
detailed study could be given to the rainfall and runoff condi- 
tions a t  selected places, by experienced observers, valuable infor- 
mation regarding the laws of runoff could be secured. 

For a study of the laws of runoff and the relation of runoff 
to rainfall small experimental plats possess certain definite ad- 
vantages over the much larger drainage areas which exist above 
the stream gaging stations. For instance the slopes of the 
ground surface within the plats, as well as the character of the 
soil and surface covering, can be accurately determined without 
making elaborate and costly surveys. In  fact, the plats may be 
located so that definite comparisons can be secured between the 
runoff from areas having different surface conditions. Cer- 
tain questionable features pertaining to the larger areas arc 
practically eliminated in the smaller, such as the absorption of 
runoff by the soil before i t  reaches the drains and the amount 
of runoff contributed by the ground water storage. 

While the Moraine Park experiments $do not furnish conclusive 
evidence on all phases of the subject, it is believed that the re- 
sults are  worthy of presentation. 

35 
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DESCRIPTION OF PLATS 

Four plats, each five feet square, are  located in open places 
in the orchard, two on level ground and two on a hillside, the 
two sets being about a hundred feet apart, and the two plats of 
each set being about ten feet apart. A standard rain gage was 
installed near each set. The plats on the hillside were placed 
where the slope of the ground is about eighteen feet per hundred. 
One plat on the hillside and one on the level ground were located 
where the surface covering is a heavy blue grass sod. The other 
two were located where the sod had been removed leaving the 
soil bare. 

The upper two feet of soil on the hillside is a yellow; sandy 
loam containing some clay and gravel ; the upper two feet where 
the level plats were established is a similar material except that  
i t  contains a larger proportion of gravel. At both places the 
upper foot contains considerable humus. Of course the soil under 
the blue grass covering is practically full of roots, some of which 
extend to depths of 2 feet or more. The material underlying the 
%foot layer of loam, in both cases, is a mixed sand and gravel of 
glacial origin. On the hillside there is a fairly definite division 
between the loam and the underlying deposits. On the level 
ground the proportion of sand and gravel increases more o r  less 
uniformly with the depth below the surface until a depth of 
about two feet is reached. Below this depth the amount of silt 
and  clay present is negligible. 

Mechanical analyses of typical samples of the surface soil 
taken on the level and on the hillside showed that the propor- 
tion retained on a quarter inch sieve is about 30 per cent, by 
weight, for the former and about 7.5 per cent for the latter. The 
analyses of the portions passing the quarter inch sieve, made by 
the Bureau of Soils, U. S. Department of Agriculture, gave the 
following results : 

Fine gravel, 2 to 1 mm .___________________ 3.0 2.6 

Percentage by Weight 
Level Hillside 

Coarse sand, 1 to 0.5 mm ._________________ 11.8 9.8 
Medium sand, 0.5 to 0.25 mm ._____________ 12.2 9.0 
Fine sand, 0.25 to 0.10 mm .__-___________ 29.6 28.0 
Very fine sand, 0.10 to 0.05 mm. _ _ _ _ _ _ _ _ _ _  7.4 8.7 

Clay, less than 0.005 mm ._________________ 16.4 18.0 
Silt, 0.05 to 0.005 mm .__________________- 19.6 24.0 

The plats were isolated from the adjacent ground by corru- 
gated iron strips set into the ground about eight inches and ex- oi.36 
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tending above the ground about four inches. In setting these 
strips care was taken not to disturb the ground inside the plats. 
Concrete was placed around the outside of the corners so as  to 
prevent leakage a t  the joints. Of course i t  is quite possible that 
some water may creep down the inside edges of the iron strips 
thus slightly increasing the soil percolation. 

A galvanized iron tank, eighteen inches in diameter and four 
feet deep, to catch the surface runoff, was set in the ground 
just  outside the lower corner of each plat, and was connected 
with the inside of the plat. by a joint of three-inch sewer pipe, 
laid in concrete. A wire screen, to keep out vermin, was fas- 
tened over the upper end of each sewer pipe. The tanks were 
tested and found to be water-tight before being installed; and 
were tested a t  intervals after installation, no leaks being found 
a t  any time. They were provided with suitable tight fitting 
covers so that no water except surface runoff from the plats 
could be caught, and so that the evaporation within the tanks 
would be reduced as  much a s  possible. The capacity of each tank 
is equivalent to  a runoff of about 3.0 inches depth over the plat 
with which i t  is connected. 

Some trouble was encountered at times due to leaves stop- 
ping up the screens and causing the runoff to spill over the tops 
of the iron strips. This occurred mostly a t  the plat on the hill- 
side having the bare soil surface. The screens were later re- 
placed by wire mesh having openings about three-eighths of an 
inch square, after which more satisfactory records were obtained. 

The work of establishing the plats and installing the gages 
was completed March 4, 1915, and the measurements were be- 
gun the following day. 

METHODS OF MEASUREMENT 

Measurements of 'rainfall, runoff, and soil moisture have 
been made more or less regularly since the plats were estab- 
lished. The endeavor has been to secure observations just before 
and just  after each rain, and also to secure measurements of 
soil moisture once or twice a week between rains, to determine 
the rates of drying of the soil. Owing to the pressure of other 
work it has not always been possible to  adhere strictly to the 
above plans. Observations were also discontinued for short 
intervals during the winter months, as, for instance, during the 
severe winter of 1917 and 1918. During the first  year the soil 
moisture determinations were made rather irregularly. Some- 

( . @37 
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times samples were taken to  depths of 18 or 24 inches, but more 
frequently they were only taken to depths of 12 inches. Since 
March, 1916, however, samples have been taken systematically 
to depths of 24 inches. 

Where precipitation occurred on two or more days between 
successive readings of the gages it is possible to estimate the 
daily amounts a t  Moraine Park from the daily records taken by I 

the U. S. Weather Bureau at Dayton. While such estimates mav 
be considerably in error during summer thunder-storms it is 
not believed that they are  greatly in error a t  other times. Yal- 
uable information regarding intensities of rainfall is also fur- 
nished by the graphical automatic records being secured a t  tbe 
Dayton Weather Bureau station. Notes regarding rainfall and 
runoff conditions were made by the writer a t  his home in Carr- 
monte, about two miles north of Moraine Park. 

Rainfall measurements were made in the usual manner, that 
is, using the regular rain gage measuring sticks. The amounts 
of runoff were determined by measuring distances from the tops 
of the cans down to the water surfaces, using yard sticks, and 
reading distances to eighths of an  inch. A depth in the can of 
an  eighth of an inch corresponds to a depth over the plat of 
about 0.009 of an inch. 

The amount of moisture in the soil, under the sod and under 
the bare surface, was determined by taking samples, weighinp 
them, drying, and reweighing. Samples weighing about a kil- 
ogram, or about two pounds, were taken a t  intervals of about 
six inches in depth down to a depth of about two feet. During 
the first few months samples were taken close to the plats on 
the hillside as  well as close to those on the level ground. Slightly 
'different results under similar surface coverings were obtained , 
a t  the two places, the moisture content of the soil on the hill- 
side generally being a little greater than that of the soil ori 
the level ground. This was probably due to the much larger 
proportion of gravel in the soil a t  the latter place. Later on 
samples were taken from beneath the sod and bare soil surfaces 
a t  a place on level ground, from 25 to 100 feet southeast of the 
level plats, where the soil was very similar to that on the hillside. 

Thesamples were placed in paper sacks and dried in the fur- 
nace room a t  Moraine Park. Harvard scales, reading to tenths 
of a gram, were used in weighing. Weights were tested and 
adjusted using standard scales of known accuracy. The sam- 

les were dried and reweighed until their dry weight became 

' 

, 

. 
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Weight 
per cubic 
foot when 

dry 

constant, before they were discarded. When the investigations 
were begun it  was attempted to dry the samples by leaving them 
in small incubators which could be kept a t  a constant tempera- 
ture of about 100". Fahrenheit. It was found, however, that 
owing to poor a i r  circulation in the incubators it required sev- 
eral weeks to dry the samples thoroughly. They were then 
placed in the furnace room, directly over the furnace, where they 
dried out in a few days; or, when the furnace was not being 
used, they were placed on shelves above a small coal water 
heater, which was used every morning. 

Determinations of the weight per cubic foot of the upper 
two feet of soil were made December 8, 1919. Samples were 
taken by boring down with a post hole auger, and were weighed, 
dried and reweighed in the laboratory at the 'headquarters of- 
fice. The cubical contents of the samples were obtained by 
weighing the amounts of dry sand of known density required 
to fill the holes from which the samples had been taken. 

B 

Moisture 
in 

Sample. 

RESULTS OF OBSERVATIONS 
Weight of Soil per Cubic Fmt 

The data on the weight per cubic foot of the upper two feet 
of soil is given in table 2. Samples 1 and 4 were taken from 
beneath the bare surface on the level ground, where the samples 
for determining the moisture content of the soil have been taken 
regularly. Samples 2 and 3 were taken from beneath the sod 
surface on the level ground. Sample 5 was taken from beneath 
the sod surface near the plats on the hillside. 

Table 2.-Determinations of Weight per Cubic Foot of 
Moraine Park Loam 

101 

102 

98 

1C3 

99 0 

Sample 
Number 

23 3 

18 .8  

1 7 . 8  

17 .9  

20 9 
_______ 

Average 
*Based 

~~~~ 

Volume 
of 

Sample 

-- 
Cubic feet 

0 .410 

0.652 

0.710 

0 .510  

0.713 

. . . . . . . . 
m dry WI 

-'eight 
when 
taken 

Pounds 
4 7 . 1  

81 .4  

8 5 . 9  

5 8 . 6  

8 6 . 3  

. .  . . .  
ght. 

Weight 
of 

Moisture 
in Sample 

Pounds 
9 . 9  

1 5 . 4  

1 3 . 6  

8 . 8  

1 3 . 1 .  

. . . . . .  

DfY 
TVeiEht 

of 
Sample 

Pounds 
3 7 . 2  

6 6 . 0  

7 2 . 3  

4 9 . 8  

7 3 . 2  

. . . . . .  

Weight 
per cubic 
foot when 

taken 

Pounds 
115 

125 

121 

115 

121 

119 4 

____-- 
Pounds Per cent* 

91 I 2 6 . 6  
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It will be noticed that there was about 20.9 per cent -of 
moisture in the soil a t  the time the samples were taken; that  
the weight per cubic foot of the soil when taken varied from 115 
to 125 pounds, averaging 119.4 pounds ; and $hat the weight per 
cubic foot when dry varied from 91 to 103 pounds, averaging 
99.0 pounds. In order to simplify the calculations an average 
value of 100 pounds has been used for  the dry weight in the 
studies taken up later. 

When the samples were taken there was, on the average, 
about 20.4 pounds o r  .33 of a cubic foot of water in each cubic 
foot of soil. While the upper two feet of soil a t  that  time was 
about as wet as it ever gets under field conditions, the actual 
volume of the voids was probably a little greater than this. If 
a value of 2.7 is assumed for the specific gravity of the soil par- 
ticles, an average value based on several laboratory determi- 
nations, the weight of a cubic foot of soil particles would be 
169 pounds, the volume of the particles in one cubic foot of soil 
in place would be 0.59 of a cubic foot and the volume of the 
voids in one cubic foot would be 0.41 of a cubic foot. Conse- 
quently the maximum amount of moisture that could be present 
in the soil would be 41 per cent by volume or about 25.6 per cent 
of the dry weight. 

Rainfall, Runoff, and Soil Moisture 2 

Table 3 gives the results of all observations of rainfall, run- 
off, and soil moisture, taken- from the time the plats were es- 
tablished up to the end of October, 1919, about four years and 
eight months in all. Column 1 gives the date of observations. 
Columns 2 to 5, inclusive, give the moisture content of the soil 
under the sod covering, expressed as percentages of the dry 
weight. Column 6 gives the average moisture content of the soil 
under the sod covering calculated from the data in columns 2 
to 5. Columns 7 to 11, inclusive, give corresponding data for the 
soil under the bare surface. Column 12 gives the observed rain- 
fall. Columns 13 to 15, inclusive, give the data on runoff from 
the plats having the sod covering. Column 13 gives the runoff 
from the level plat, column 14 gives the runoff from the plat on 
the hillside, and column 15 gives the average runoff from the 
two. Columns 16 to 18, inclusive, give similar runoff data for 
the plats having the bare soil surface. The maximum and min- 
imum records of soil moisture are  set in bold face type so they 

g-+$, can be easily located. 
w a. 
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FIG. 4.-RECORDS ,OF RAINFALL, RUNOFF, AND SOIL MOISTURE SECURED AT MORAINE PARK DURING 1915. 
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FIG. 6.-RECORDS OF RAINFALL, RUNOFF, AND SOIL MOISTURE SECURED AT MORAINE PARK DURING 1917. 
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RAINFALL AND RUNOFF 

The rainfall records given in column 12 

-46  12 
41 

were obtained by - 

averaging the observations a t  the two rain gages, i t  being as- 
sumed that the differences in the two readings were due to in- 
strumental and observational errors rather than to actual dif- 
ferences in precipitation a t  the two places. The differences were 
small in all cases, seldom exceeding 0.05 of an inch, except in 
cases where the gages had not been read for some time or where 
the precipitation had occurred as snow. 

The data given in table 3 is shown graphically in figures 
4 to 8, inclusive, each calendar year’s records being shown on 
a separate sheet. The rainfall and runoff records, in inches 
depth, are platted as vertical bars in the upper parts of the 
diagrams, whenever the depth amounted to or exceeded a tenth 
of an inch. The occurrences of amounts less than a tenth of an  
inch are  indicated by small circles. In platting the rainfall the 
amounts given in column 12 have been distributed over the days 
on which the precipitation occurred, as  shown by the Dayton 
U. S. Weather Bureau records. This distribution was made on 
the assumption that the ratio of the rainfall on a given day to 
the total precipitation fo r  a period including the given day was 
the same a t  both locations. While this assumption may be con- 
siderably in error lduring summer thunder-showers, as  pre- 
viously mentioned, i t  probably is not seriously incorrect during 
the more steady rains of the winter and spring. At  any rate 
i t  gives the reader an idea of the general distribution of the 
rainfall and of the dates on which the greater part  of the runoff 
occurred. Whenever the precipitation occurred in the form of i 

snow a small “s” has been pla’ced below the circle o r  line repre- 

Runoff records for each plat are shown, but the averages for 
the different types of surface covering, given in columns 15 
and 18 of table 3, are  not platted. The actual runoff records, 
given in table 3, are  platted on the dates on which the observa- 
tions were made. No attempt has been made to distribute the 
amounts or to plat them on the days on which they must have 
occurred. 

The averages of the soil moisture determinations for the 
different types of surface covering, given in columns 6 and 11 
of table 3, are  shown in the lower parts of the diagrams. The 
percentages are  platted as  points, and the points are  connected 
by lines. The points representing the moisture under the sod 
are  connected by continuous lines, and those representing the 

‘ 

’ senting the precipitation. 
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moisture under the bare surface are  connected by dotted lines. 
These connecting lines have been drawn to aid the reader in 
studying the soil moisture under a given surface cover, from 
point to point across the diagrams. No attempt has been made 
to show the daily fluctuations. The lines have been drawn prac- 
tically straight from point to point, whereas, in the case of an 
increase in the amount of moisture, the line, in order to show 
the conditions. accurately, should have been drawn on a slightly 
downward slope until the day of heavy rainfall and should then 
have risen more or less abruptly to the higher percentage. 
Although the diagrams were prepared by platting percentages 
as ordinates against dates as  abscissas, scales showing the ac- 
tual amounts of water in the soil in inches depth, for the two 
foot depth of soil involved, have been added a t  the edges of the 
sheets. 

Notes to Accompany Table 3 

On account of the condensed form of table 3 i t  has not been 
possible to include descriptive notes. Since such notes are  im- 
portant in any study of the individual records, they are repro- 
duced, herewith, arranged chronologically so that any date can 
be easily located. Asterisks have been inserted in table 3 after 
the quantities for which descriptive notes are available. 

March 6, 1915.-Average percentage based on two samples 
taken a t  this depth. 

March 16, 1915.-Average percentage based on three sam- 
ples taken a t  this depth. Values given for depths of 18 and 
24 inches are  questionable and have not been used in computing 
the average. 

April 19 and 28, 1915.-Average percentage based on two 
samples taken a t  this depth. 

May 3, 5, 22, and 28, 1915.-Average percentage based on 
two samples taken a t  this depth. 

May 30, 1915.-Runoff was some greater than value given, 
due to clogging of sewer pipe. 

June 4, 1915.-Average percentage based on two samples 
taken a t  this  depth. 

July 29, 1915.-Runoff was some greater than value given, 
due to clogging of sewer pipe. 

- I  ?.5 ,Sept. 7 ,  1915.-Ground within these plats spaded thoroughly 
7.:' 10i-a depth of about six inches. 
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Nov. 30, 1915.-Ligh’t snow on ground. 

Dec. 11, 1915.-Sleeting at time of observation. 
Jan. 6, 1916.-Soil under bare surface frozen to a depth of 

about three inches. 
Jan. 14, 1916.-Soil under bare surface frozen to a depth 

of about five inches. 
Jan. 25, 1916.-Runoff due to rain falling on frozen saturated 

soil surface. 
Feb. 2, 1916.-Soil under the bare surface frozen to a depth 

of about two inches. 
Feb. 17, 1916.-Soil under the bare surface frozen to a 

depth of from one to four inches, but soft on top. Soil under sod 
not frozen. 

Feb. 28, 1916.-Soil under the bare surface frozen to a 
depth of about five inches. Soil under sod frozen to a depth 
of about four inches. 

Ground frozen to 
a depth of about one inch. 

Mar. 9, 1916.-Ground thawing out. 
Mar. 16, 1916.-Soil under bare surface frozen to a depth 

of about a half an inch. Soil under the sod frozen to a depth 
of about an inch. About six inches of snow on the ground. 

May 12, 1916.-Ground within these plats spaded thoroughly 
to a depth of about four inches. 

June 3, 1916.-Record probably low due to runoff overtop- 
ping side of plat at lower corner. 

June 19, 1916.-Surfaces within these plats covered with a 
dense growth of white clover and bluegrass about twelve inches 
high. 

July 5, 1916.-Grass and weeds removed from these plats, 
and_ ground spaded. 

Aug. 7,-1916.-Runoff from sloping plat with bare soil sur-. . 
face probably low due to leakage.. Grass in sod covered plats 
about six inches high. 

Sept. 6, 1916.-Runoff record for level bare soil plat prob- 
ably too low due to can overflowing. 

Sept. 9, 1916.-Gravel encountered at depth of twenty-four 
inches under bare surface. Blue grass in sod covered plats 
three to six inches high. 

Sept. 22, 1916.-Ground within bare soil plats spaded to a 
depth of about three inches. 
about five inches high. 656 Blue grass in sod covered pla 

I .., . . , 
..J , 
1 ;  . 
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Nov. 20, 1916.-Grass in sod cover'ed plats about two inches 

Dee. 4, 1916.-Samples not taken under sod on account of 

Dee. 27, 1916.-Runoff due to melting snow, and to rain 

Jan. 8, 1917.-Soil not frozen. Dead grass from one to five 

Jan. 22, 1917.-Soil under bare surface frozen to a depth 
Bare soil plats about half covered wit5 

long and dying. 

rain, 

falling on frozen ground. 

inches long in sod covered plats. 

of about three inches. 
snow about a half an inch deep. No snow on sod plats. 

Jan. 31, 1917.-Soil not frozen. 
May 5, 1917.-Data questionable, results not used in com- 

May 25, 1917.-Grass two to twelve inches long on sod cov- 

June 30, 1917.-Record may be slightly low due to leakage. 
July 14, 1917.-Record uncertain due to clogging of tile en- 

trance. 
Dee. 3, 1917.-Owing to the unusually severe winter weather 

no records were taken during the remainder of this month or  
during the month of January, 1918. The total precipitation in 
January, two-thirds of which was snowfall, was 3.46 inches a t  
the Dayton U. S. Weather Bureau Station and 3.87 inches a t  the 
Dayton cooperative station. 

Feb. 11, 1918.-Snow and ice practically gone, ground frozen 
to a depth of about eight inches. Records of runoff uncertain 
due to overtopping of cans and due t o  water entering plats 
from outside snow accumulations. Precipitation measurements 
uncertain; value of 5.26 inches given was observed a t  the Day- 
ton cooperative station. - 

puting averages. 

ered plats. Weeds removed from bare soil plats. 

.Feb. 26, 1918.-Record low due to can overflowing. 
May 14, 1918.,Record probably low due to clogging of tile 

June 26, 1918.-Placed wire mesh over entrance to tiles. 
July 17, 1918.-Sample disturbed in drying. 
July 25, 1918.-Record probably low due to leakage around 

Aug. 23 and 28, 1918.-Sample disturbed in drying. 
Oct. 3, 1919.-Grass about eight inches long on level sod 

covered plat, and about two to six inches long on sloping sod 
covered plat. 

entrance. 

tile. 

. 
, 
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It is believed that all records of soil moisture obtained dur- 
ing the summer and fall of 1919 are  slightly high compared 
with the preceding records, due either to taking the samples a 
little farther away from the plats, where the soil and topography 
were slightly different, or  to getting them more thoroughly dried. 

Accuracy of the Data 

The data is believed to be sufficiently accurate for the pur- 
poses for which it was collected. Although difficulties were en- 
countered, particularly- during the first year, they were finally 
overcome in most instances. 

The soil samples were taken for the purpose of learning 
about how much water was in the ground before and after rains, 
especially when runoff occurred, rather than for making t'nor- 
ough studies of soil moisture. Consequently the records should 
not be used indiscrim'inately in any detailed study of the subject. 
Any individual value given in table 3 may be considerably in 
error. Due to the difficulties encountered in taking, drying, and 
weighing the samples, no single percentage is probably accurate 
to within less than one per cent; that  is, a value given as 5 might 
actually be 4 or 6, or a value given as 20 might actually be 19 or 
21. Possibly a few of the minimum records are  low due to not 
getting the samples entirely dry. It must also be remembered 
that on account of the slight differences in soil texture and the 
variations in surface configuration within the limited area in 
which the samples were taken, samples taken on different dates 
may not be strictly comparable. Probably this effect is even 
more important than the errors in observation. These condi- 
tions, however, are  not so important in considering the average 
moisture content of the upper two feet of soil, as given in col- 
umns 6 and 11 of table 3. 

The precipitation records are  believed to be accurate in all 
cases except where the greater part  of the precipitation occurred 
as  snow. The two rain gages were well located with respect to 
obstructions and the readings generally checked to within .05 
of an inch. 

The runoff records for the level plats and for the sloping 
sod plat are  believed to be as accurate as  the precipitation rec- 
ords, except where the runoff was caused by the melting of large 
quantities of snow. There is no doubt but that  all of-the runoff 
from these plats entered the runoff tanks and that the amounts 
were accurately measured. The depths in the runoff tanks could 

058 
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easily be measured to eighths of an inch, corresponding approxi- 
mately to hundredths of an  inch on the plats. The records for 
the sloping bare soil plat are  somewhat uncertain in several in- 
stances, as indicated in the preceding notes. 

SOJL MOISTURE 

The records of soil moisture, given in table 3, furnish in- 
teresting information regarding the conditions a t  this particular 
location and pertaining to this particular soil. From the per- 
centages given in table 3 and the weight per cubic foot of the 
soil, given in table 2, it is possible to discuss the dryest condi- 
tion which the soil ever reaches, the maximum amount of water 
that  the soil can contain, the maximum amount that i t  can hold 
against the force of gravity, the variations throughout the year, 
the amount of water absorbed during rains, and the rate ai .  
which the ground drys out after the rain ceases. 

Minimum Records 

A study of the records given in table 3 shows that daring 
the length of time covered by the observations the soil was dryest 
on August 2, 1916. The determinations made on that date 
showed an average moisture content of only 4.7 per cent for the 
soil under the sod covering and only 3.1 per cent for the soil 
under the bare surface, amounts corresponding to 1.80 and 1.19 
inches, respectively, for the depth of two feet in which the sam- 
ples were taken. Although these values may be slightly low 
due to not getting the samples thoroughly dried, it is known from 
other information that the ground a t  this time was baked hard 
and was very dry, probably as dry as i t  ever gets. The water 
in the soil was probably all hygroscopic water. It is unlikel:; 
that any further appreciable evaporation or transpiration could 
take place. Practically all vegetation, including the larger 
bushes and trees, had been wilting for several days. The wilt- 
ing coefficient, calculated from the mechanical analyses given 
previously, by the methods explained on page 69 of Bulletin 230 
of the Bureau of Plant Industry,* would be about 12.3 per cent 
for  the sample taken near the level plats and about 13.7 per ceFt 
f o r  the sample taken near the sloping plats. Although values 
as high as these, and higher, are  given for loam and clay loam 

*The Wilting Coefficient f o r  Different Plants and its Indirect Deter- 
mination. by Layman J. BrigEs end W. L. Shantz, Bulletin 230 of the 

. 

' 

' 

: . '  'Eureau cf Plant Industry, U. S. Department of Agriculture, 1912. 
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soils, in the above mentioned publication, these values seeni 
slightly high for the Moraine Park soil. Observations showing 
values smaller than these were made a t  several times when no 
evidences of wilting could be detected and when there was no 
reason to believe that the records might be low. According to 
Bulletin 230 the values of the hygroscopic coefficient would be 
0.68 times the values of the wilting coefficient or about 8.4 and 
9.3 per cent respectively for the two samples. 

The records at the different depths on August 2, 1916, were 
as follows: 

Depth in Inches 
fi I? 18 24 Ave. 

Moisture under sod, percent _ _ - _ _ _ _ _ _  3.5 4.7 4.5 6.1 4.7 
Moisture under bare surface, percent- 2.1 2.8 3.5 3.9 3.1 

It will be noticed that the amount of moisture in the soil 
increased as the depth increased, for both types of surface cov- 
ering; also that the amount under the sod was greater, a t  each 
depth, than the amount under the bare surfac2. The percent 
ages a t  the different depths were, themselves, minimum value; 
for the entire period of record, in all cases except at the depth 
of 24 inches under the bare surface where a value of only 3.1 
per cent was obtained on July 24, 1916, the preceding date on 
which samples were taken. It is probable, however, that the 
soil at this depth was actually drier on August 2 than on July 
24, and that the opposite condition shown by the data is due 
to errors in observation or in securing comparable samples. 

The amount of moisture in the soil was also very low in 
August, 1918, the measurements of August 19 showing the fol- 
lowing percentages.: 

Moisture under sod, percent _ _ _ _ _ _ _ _ _  6.1 5.5 5.5 6.1 . 5.8 
Moisture under bare surface, percent- 4.5 6.9 6.9 7.9 6.5 

It will be noticed that on this date there seemed to be a little 
more soil moisture under the bare surface than there was und?r 
the sod. Under the bare surface the percentage of moisture 
seemed t o  increase with the depth, while under the sod it seemed 
to be about the same at all depths. 

It is interesting to note that Widstoe and McLaughlin in 
their experiments in Utah,* found that in one instance the 
amount of moisture in the first foot of soil on which crops were 

*The Movement of Water in Irrigated Soils, bv J. A. Widstoe a d 
W. W. McLaughlin, Bulletin 115 of the Utah Agricuitural College E x p G - 6  0 
ment Station, Logan, Utah, May, 1912. 

Depth in Inches 
6 12 18 24 Ave. 

. 
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growing, was reduced to 5.64 per cent, 40 days after irrigation ; 
and that the amount in the first  foot under the bare surfaca 
was reduced only to 18.6 per cent, 36 days after irrigation. The 
value of 5.64 per cent is only about one and a half per cent 
greater than the minimum Moraine Park record obtained in the 
first foot of soil under a blue grass sod. However, the value of 
18.6 per cent is rather large compared with the value of about 
2.5 per cent obtained under the bare surface a t  Moraine Park. 
Although there are some differences in soil texture, the real rea- 
sons for this wide difference in evaporation are  probably the 
greater percentage of voids in the Utah soil and the difference3 
in the climatic conditions a t  the two locations. At Moraine Park 
the percentage of voids in the soil, by volume, is only about 41 
while in Utah, where the above experiments were made, it is 
about 55. In Utah the climate is arid, while in Ohio it is humid. 
The differences in soil evaporation due to differences in cli- 
mate were discussed by Buckingham in 1907." He showed that 
a moist bare soil in an arid climate dries out rapidly a t  the sur- 
face a t  first, forming a sort of a dry soil mulch, after which i t  
dries out very slowly; that  a moist bare soil in a humid climate 
dries out less rapidly than in the arid climate a t  first, so that 
the dry mulch effect is not produced, and more rapidly later on ; 
the net result being that after several days more water had 
evaporated from the soil under humid conditions than had eva- 
porated from the soil under arid conditions. 

' 

Maximum Records 

The maximum percentages of moistuTe a t  the different; 
depths, as  shown by the data in table 3, occurred on different 
dates, although some uncertainty exists in this connection due 
to the difficulties encountered in securing comparable samples, 
The actual maximum values, not considering a few erratic ob- 
servations which have been mentioned in the notes as being ques- 
tionable, are as  follow^ : 

Moisture under sod, percent _ _ _ _ _ _ _ _ _  24.8 23.3 23.2 23.6 
Moisture under bare surface, percent- 23.2 21.8 21.9 21.5 

These values seem to indicate that the soil under the sod a t  
a, given depth never contains more than about 24 per cent of 
moisture, and that the soil under the bare surface never contains 

*Studies on the Movement of Soil Moisture, by Edgar Buckingham, 
Bulletin 38 of the Bureau of Soils, U. S. Department of Agriculture, 1907. 

Depth in Inches 
6 12 18 24 

- 
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more than about 22 per cent. In the preceding discussions i t  
was shown, by calculations based on the specific gravity of the 
soil particles and the determinations of the unit weight of the 
soil in place, that the soil would be saturated when it contained 
an  amount of moisture equal to about 25.6 per cent of its dry 
weight, an  amount slightly greater than those given above. 

The records seem to indicate that the total amount of mois- 
ture in the upper two feet never is more than about 21 per cent 
of the dry weight of the soil, a n  amount equivalent to a depth 
over the surface of 8.06 inches. Samples were taken at several 
times during the months of January, February, and March, 
when the soil was probably as nearly saturated as it ever bc- 
comes under field conditions. The slight differences in moistur: 
content a t  the same depth shown by the data a t  such times are 
probably due to the difficulties encountered in securing compar- 
able samples or in weighing and drying those taken: The ob- 
servations which gave the maximum average values for the up- 
per two feet are  as  follows: 

Moisture under sod, percent _ _ _ _ _ _ _ _  18.2 19.7 22.8 23.4 21.0 
Moisture under bare soil, percent--- 19.7 21.6 21.6 21.5 21.1 

The values for the soil under the s6d were obtained on March 
10, 1919. Those for the soil under the bare surface were ob- 
tained on March 24, 1917. On these dates the percentage of 
moisture seemed to be slightly greater a t  the greater depths un- 
der the sod, but did not differ materially a t  the different depths 
under the bare surface. 

The average value of 21 per cent shown by the above data 
probably represents the maximum amount of water that can 
be held by the‘ Moraine Park soil ; that  is, the maximum amount 
of moisture that can be present without any appreciable down- 
ward percolation due to gravity taking place,-the quantity fre- 
quently referred to as the “moisture-holding capacity.” That 
this is true is indicated, in a way, by the observations of January 
‘24 and February 4 and 11, 1919. The average percentages of 
moisture found on these dates were as  follows: 

Depth in Inches 
6 12 18 24 Ave. 

Sod Bare 

January 24, 1919 _ _ _ _ _ _ _ _ _ _ _ _ _  19.8 18.8 
February 4, 1919 _ _ _ _ _ _ _ _ _ _ _ _ _  19.3 17.3 
February 11, 1919 _ _ _ _ _ _ _ _ _ _ _ _  19.2 16.7 

The total loss in’ moisture in the 2-foot depth during the 18 
days from January 24 to February 11, indicated by these per- 
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Year 

1915 . . . . . . . . . . . . .  
1916 . . . . . . . . . . . . .  
1917 . _ _ _ _ . . . _ _ . . .  
1 9 1 8 . .  . _ .  . . , . . _ .  . 
1919 . . . . . . . . . . . . .  

centages, would be equivalent to a depth in' inches of 0.23 for 
the sod and 0.80 for the bare soil. The total precipitation dur- 
ing this period was 0.08 of an  inch, thus increasing the amounts 
of moisture to be accounted for to  0.31 and 0.88 inches, respec- 
tively, or to 0.017 and 0.049 inches per day. As the weather 
during the greater part of this period was clear with tempera- 
tures above freezing and some wind blowing, it is quite likely 
that these amounts represent soil evaporation alone and that 
consequently no material percolation occurred. 

While the amount of moisture that can be held by the soil 
undoubtedly varies widely with its composition i t  is interesting 
to note that Widstoe and McLaughlin, in their investigations ir, 
Utah, previously referred to, found that the maximum amouct 
of water that could be held by the Greenville soil under field con- 
ditions was a little less than 24 per cent. 

Moisture under Sod, in 7o Moisture under Bare Soil, in yo 

June 1 July 1 August June 1 July 1 August 

13 3 11 .9  _ , . _ _ . _ .  1 4 . 4  1 4 . 0  . . . . . _ .  I 
1 4 . 8  8 . 3  1 4 . 9  15 .2  9 . 0  1 4 . 2  
1 7 . 2  I 17 .0  I3 1 13 3 I 1 3 . 1  1 11 .4  
1 3 . 6  1 6 . 4  l f j .0  12 .5  1 3 . 2  15.8 
18 0 15 6 1 8 . 7  19 5 1 9 . 6  1 8 . 9  

~ _ _ _ _ _ ~ ~ ~  __- 

Variations in Soil Moisture 

The variations in the amount of moisture in the soil at Mo- 
raine Park throughout the year are shown graphically by the 
curves in the'lower parts of figures 4 to 8, inclusive. The amounl 
of moisture under the sod is shown by the continuous lines and 
the amount under the bare surface is shown by the dotted lines. 

A study of these diagrams shows that the soil is generally 
dryest in the late summer or early fall, during the months of 
July, August, or September; and wettest in the late winter or 
early spring, during the months of January, February, or 
March. It has already been pointed out that the minimum val- 

Table 4.-Maximum Percentages of Moisture in the Upper Two Feet of Soil at 
Moraine Park During the Months of June, July, and August 

ues for the entire period of record were obtained in the month 
of August, and that the maximum values were obtained in the 
month of March. The curves also show that the amount of 
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1916 . . . . . . . . . . . . .  
191 7 . . . . . . . . . . . . .  
1918 . . . . . . . . . . . . . . . . . . . . .  
1919 . . . . . . . . . . . . .  

Table 5.-Minimurn Percentages of Moisture in the Zipper Two Feet of Soil at 
Moraine Park During the Months of January, February. and March 

_ _ _ _ _ ~ ~ _ _ _ _ ~ ~  
16 .4  1 6 . 6  1 7 . 8  14 .4  14 .9  1 5 . 9  
17 .0  1 7 . 6  1 8 . 8  1 5 . 1  1 6 . 8  17 .8  

1 8 . 5  1 6 . 6  . . . . . . . .  1 8 . 9  1 8 . 1  
1 8 . 6  1 9 . 2  1 8 . 6  1 8 . 8  1 6 . 7  1 7 . 2  

Moisture under Sod, in % Moisture under Bare Soil, in yo 

January I February I March I January I February I March 

Year 

moisture gradually increases in the fall, during the months of. 
October, November, and December ; that  i t  does not change much 
during the winter months, even in the absence of rainfall; and 
that i t  begins to diminish appreciably in the spring, during the 
months of April or May, due to the requirements of plants and the 
higher rates of soil evaporation, both of which are  brought about 
by the higher temperatures. 

In the summer months the moisture absorbed during rains 
is rapidly consumed by transpiration and soil evaporation, as  
soon as  the rain ceases, until the ground becomes so dry that 
capillary movement of the moisture practically ceases or until 
the amount of available moisture is replenished by additional 
rainfall. The rates of ;oil evaporation and transpiration are 
so high that the upper two feet of soil at Moraine Park seldom, 
if ever, becomes filled with capillary water during the months 
of June, July, and August, even though the rainfall may be con- 
siderably greater than normal. The maximum percentages 
found during these months, shown by the data in table 3, are 
given in table 4. 

It will be noticed that the maximum amount of capillary 
water that  the soil can contain, shown by the preceding discus- 
sions to  be about 21 per cent, was not reached during any one 
of the months given in table 4 ;  although the percentages were 
rather high in the case of the bare soil in the summer of 1919. 
However, i t  is believed that the records obtained during the 
summer and fall of 1919 are slightly high compared with those 
taken previously. The rainfall was considerably greater than 
normal during the month of July, 1915, when it amounted to 
5.50 inches ; during the month of August, 1916, when it  amounted 
to 5.98 inches; and during the month of. June, 1917, when i t  
amounted to 6.11 inches, the normal amounts for these months 
a t  the Dayton Weather Bureau station being 3.28, 3.01, and 3.96 
inches respectively. 

' 
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During the months of January, February, and March the 
amount of moisture in the soil, even under the most favorable 
conditions, seldom gets much below the maximum capillary 
amount, since plant requirements are nil and soil evaporation 
is very low. The minimum percentages obtained during these 
months are  given in table 5. Records obtained in March, 1915, 
are not included since the work had hardly become organized 
a t  that  time. 

It will be noticed that while these values are all somewhat 
lower than the maximum capillary value of 21 per cent, they 
are  all considerably higher than the minimum values of from 
3 to 10 per cent which generally occur during the summer 
months. No records were obtained during the month of Jan- 
uary, 1918, due to the unusually severe winter weather at that 
time. It is known from other obsebations, however, that  the 
upper foot of soil became practically saturated during the pe- 
riod from December 21 to 29 due to  the melting of about 9 
inches of snow; also that the ground froze before this water 
could percolate to a greater depth, and remained frozen until 
the thawing period .which began February 6. 

It will be noticed-from the curves in figure 8 that  during 
the months of January and February, 1919, there was little 
change in the amount of moisture in the soil. Very little drying 
out seemed to take place between rains although the conditions 
were probably as  favorable for the drying out of the soil as they 
ever are  in the winter. The soil was not frozen; the mean tem- 
peratures were comparatively high, being about four degrees 
above normal; and there was some wind blowing the greater 
part  of the time. 

The curves in figures 4 to 8, inclusive, show that the changes 
in the percentages of moisture in the soil between successive ob- 
servations were considerably greater during the summer months 
than they were during the winter months, as, of course, would 
naturally be expected. An inspection of the data in table 3 
shows that while the individual observations vary greatly, partly 
due to differences in soil texture and to errors of observations, 
the moisture content of the, first 6-inch layer of soil seems to 
vary more than that of the deeper layers. Interesting data on 
variations in soil moisture at different depths was obtained near 
Akron, Colorado, by'H. L. Shantz, in the summer of 1909.* 

*Natural Vegetation as  an Indicator of the Capabilities of Land for 
Crop Production in the Great Plains Area, by H. L. Shantz, Bulletin 201 of 
the Bureau of Plant Industry, U. S. Department of Agriculture, 1911, page 31. 
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It was there found that during the period from June 10 to Sep- 
tember 10 the rainfall did not affect the moisture content of the 
soil below a depth of 18 inches, although on July 7 the rainfall 
amounted to.2.40 inches. However, a rainy period during the 
last of May and the first part  of June had some effect on the 
moisture content of the soil down to depths of about 3 feet. At  
Moraipe Park, the moisture content of the soil from 18 to 24 
inches below the surface seemed to be affected by the rainfall 
a t  times during the summer. This difference in depth of pene- 
tration at the two locations is probably due to a difference in 
soil texture. 

Records showing variations in soil moisture have been pub- 
lished by numerous investigators. To mention .all such data is 
beyond the scope of this publication. However, the observa- 
tions by King, published by the Bureau of Soils," should be re- 
ferred to since they gave valuable data on the moisture content, 
a t  different depths, of eight different soils, under various condi- 
tions of cultivation and fertilization, in four different states. 

Evaporation and Transpiration 

It is interesting to compute the daily rates of evaporation 
and transpiration for short periods of time from some of the 
records given in table 3. This has been done for a few selected 
periods where the data is most reliable. Periods have been 
chosen in which the rainfall was not excessive, in which there 
was no appreciable surface runoff, and in which it is believed 
that there was no percolation of moisture into the underlying 
beds of sand and gravel. It has been assumed that the decrease 
in the amount of moisture in the soil in each case,-was caused 
by evaporation and transpiration, and that no moisture was 
drawn upward by capillary action from the sand and gravel, 
assumptions which are probably not greatly in error. 

The data computed in this manner is given in table 6.  The 
moisture in the soil, in per cent, a t  the beginning and ending of 
each period, the amount of water in inches depth corresponding 
to the decrease in moisture percentage, the total evaporation, 
and the evaporation in inches per day, are given for the soil un- 
der the sod and for the soil unider the bare surface. The term 
evaporation has been used in the table headings to include trans- 
piration as  well as soil evaporation. The total rainfall, the num- 

*Investigations in Soil Management, by F. H..King. Bulletin 26 of 
the Bureau of Soils, U. S. Department of Agriculture, 1905, pages 167-191. 

C 66 . .: . .  
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ber of days, the mean relative humidity, and the mean tempera-, 
ture are also included for each period. The maximum rates of 
evaporation in inches per day have been set in bold face type. 
The minimum values have no significance. 

It will be noticed that the rates of evaporation vary from 
0.02 to 0.62 inches per day for the soil under the sod and from 
0.04 to 0.68 inches per day for the soil under the bare surface. 
The maximum values of 0.62 and 0.68 inches occurred during 
the 5-day period from August 23 to 28, 1918. The value of 0.68 
inches for the soil under the bare surface is probably l oo  low, 
as indicated in the table. The samples taken in the upper foot 
of soil under the bare surface on August 28 were disturbed in 
drying so that the value of 6.0 per cent given for that date is the 
average for the second foot of depth only. In  calculating the 
evaporation i t  was assumed that the percentage of moisture in 
the upper foot of soil on August 28 was the same as on August 
23, whereas i t  probably was a little less. 

These average values of 0.62 and 0.68 inches per day for 
five days are rather unusual. However, a study of the weather 
records shows that the conditions at that time were favorable 
for high rates of evaporation. The greater part of the total 
rainfall of 1.54 inches fell in three separate showers on three 
different days, August 26, 27, and 28. Considerable sunshine and 
some wind occurred between showers on these dates, as well as 
on August 23, 24, and 25. 

In this connection i t  may be noted that Briggs and Shantz, 
in their experiments a t  Akron, Colorado, obtained values for 
plant transpiration, alone, which were somewhat higher than 
the above values." Although, there is, of course, a great differ- 
ence in climate between Dayton and Akron, i t  may be interesting 
to give some of their results. During the 10-day period from 
July 7 to 16, 1914, they obtained the following average daily 
transpiration rates in inches : 

' 

Kubanka wheat _ _ _ _ _ _ _ _ _ _ _  1.21 
Galgalos wheat _ _ _ _ _ _ _ _ _ _ _  1.42 
Swedish oats _ _ _ _ _ _ _ _ _ _ _ _ _  1.31 
Burt oats _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  1.23 
Barley _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  0.67 
Rye . . . . . . . . . . . . . . . . . . . . .  0.92 

*Daily Transpiration During the Normal Growth &Period and Its Cor- 
relation with the Weather, by Lyman J. Briggs and H. L. Shantz, Journal 
of Agricultural Research, U. S. Department of Agriculture, October 23, 
1916. 
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Cowpea _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  0.96 
Siberian Millet _ _ _ _ _ _ _ _ _ _ _  0.78 
Northwestern Dent Corn--- 0.83 
Minnesota Amber Sorghum- 0.81 
Sudan grass _ _ _ _ _ _ _ _ _ _ _ _ _ _  0.66 

The daily rate of evaporation from water in a shallow tank 
during this period was 0.48 inches. The quantities of water 
used by the plants were determined by weighing. Plants were 
grown in cans, fitted with covers to prevent soil evaporation, 
small holes being cut in the covers for the stems. The above 
transpiration rates were calculated, taking the area of the can 
as  the area occupied by the plant. Probably a somewhat larger 
area should have been used, since the foliage, in some instances, 
undoubtedly spread out toward the light bebond the edges of the 
can. However, if an area twice as great as that  of the can had 
been used, the results would still be comparatively large. 

The values of evaporation given' for the soil under the sod 
a t  Moraine Park, include the water intercepted by the grass and 
evaporated directly into the air  without reaching the soil, the 
.water taken up from the soil by the grass roots and transpired 
into the atmosphere, and the water evaporated directly from 
the surface of the soil itself. The values for the soil under the 
bare surface represent soil evaporation alone. While the accu- 
racy of the data is not such as to warrant definite comparisons, 
it may be stated that the evaporation rate seems to be a little 
greater from the bare soil than from the sod for  those periods 
in which there was considerable rainfall, and a little greater 
from the sod than from the bare soil for those periods in which 
there was no rainfall or only an insignificant amount. 

The rates of soil evaporation and transpiration during the. 
winter months were probably much lower than those given in 
table 6. There were probably days in the winter, during the 
months of January and February,' when the rates were less than 
a hundredth of an inch per day. The observations recorded in 
table 3 are hardly sufficient for a discussion of minimum values. 
However, they do give some indication of the maximum rates 
which may occur during the winter months. The comparatively 
low rates of 0.017 for the soil under the sod and 0.049 for the 
soil under the bare surface, during the period from January 24 
to February 11, 1919, when there was only 0.08 inches of rain- 
fall, have already been noted. These values are probably fairly 
indicative of the maximum rates a t  which moisture can be eva1 
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porated from the soil a t  Moraine Park, during the months of 
January and February, when there is no appreciable precipita- 
tion. These rates would, of course, have been higher if several 
light rains had occurred, separated by periods of clear and windy 
weather. As before mentioned, the conditions a t  that  time were 
about as favorable for the drying out of the soil as they ever are 
in the winter. These values would indicate that in the winter 
the evaporation from bare soil surfaces is greater than from sod 
surfaces, which seems reasonable. 

The records taken during the winter of 1917 anld 1918 offer 
. an opportunity for estimating the rate of evaporation from snow 

surfaces. The greater part of the precipitation between De- 
cember 3, 1917, and February ll, 1918, occurred as snow, the 
temperatures being below freezing the greater part  of the time. 
The ground froze to a depth of a few inches during the cold 
period of December 6 to 18 when the temperature was fre- 
quently from 3 to  8 degrees below zero. It then thawed out 
partly and the upper foot became saturated during the period 
of December 21 to 29, due to the melting of about 9 inches of 
snow; after which i t  froze again and remained frozen until af- 
ter the observations of February 11. It is doubtful if any ap- 
preciable amount of water percolated through the surface soil 
during the thawing period of December. Deducting the average 
runoff of 2.66 inches, from the four plats, from the rainfall of 
5.26 inches leaves 2.60'inches to be accounted for by soil ab- 
sorption o r  evaporation. The former was probably about an 
inch. The soil samples would indicate an  average absorption of 
1.65 inches, but a part  of this was probably runoff from the hill- 
side above. This leaves 1.60 inches for the total evaporation 
during the period of 70 days, or  about 0.023 inches per day, 
nearly all of which must have occurred from snow surfaces. 
The actual daily rates undoubtedly varied a great deal from this 
average since there were wide variations in temperature and 
other meteorological conditions. The minimum, mean, and max- 
imum values of relative humidity, temperature, and wind ve- 
locity during the 70 days were as  follows: 

Minimum Mean Maximum 
Relative humidity in per cent _ _ _ _ _ _ _ _ _  51 83 100 

Wind velocity in miles per hour------ 0 11.5 45 
Temperature in degrees F .___________ -16 19 62 

There were 18 cloudy days, 22 partly cloudy days, 30 clear 
days and 31 days on which the precipitation amounted to or  ex- 
ceeded 0.01 of an inch. 
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It is interesting to note that R. E. Horton* obtained a n  ave- 
rage rate of 0.028 inches per ,day for the period of 9 days from 
December 26, 1913, to January 4, 1914, a t  Albany, New York, 
when the mean maximum temperature was 26.6 degrees. 

Measurements of evaporation from snow surfaces were also 
made in the Little Bear Valley of the San Bernardino Moun- 
tains, California, where the meterological conditions are  con- 
siderably different from those a t  Dayton. The results, given i'n 
water supply paper 294,f were as follows: 

Month and year Average Rate in 
Inches per day 

March, 1895 _ _ _ _ _ _ _  _ _  - _ _ _ _ _ _  0.08 
March, 1896 _ _  _ _ _ _  _ _ _ _ _ _ _ _ _  - 0.12 
January, 1897 _ _  _ _ _  _ _ _ _ _ _ _ _ _  0.05 
February, 1897 _ _ _ _ _ _ _ _ _ _ _ _ _  0.10 
March, 1897 _ _ _ _ _ _  _ _ _ _ _ _  _ _  _ _  0.10 

Some data on evaporation from ice surfaces in Maine is 
given in water supply paper 279."" 

An evaporation of 0.51 inches in 6 days, with a maximum 
rate for one day of 0.15 inches-and a minimum rate for one day 
of 0.03 inches, was measured'at Lewiston during the period from 
November 19 to 24,1905, when the average air  temperature was 
34.8 degrees and the average relative humidity was 39.3 per cent. 

Absorption in Surface Soil 

The records given in table 3 and discussed in the preceding 
pages enable us to study the absorption of the upper two feet of 
soil, or  surface soil, as it may be termed. The term absorption 
will here be used to mean the water taken up by the soil and 
held to supply soil evaporation and transpiration after the rain 
ceases. It will not include the water that  percolates through 
the surface soil into the underlying gravel to maintain ground 
water flow. 

' 

*Evaporation from Snow and Errors of Rain Gage when used to catch 
Snowfall, by R. E. ~ Horton, Monthly Weather Review, February, 1914, 
page 99. 

tAn Intensive Study of the Water Resources of a Part of Owens Val- 
ley, California, by Charles H. Lee, U. S. Geological Survey Water Supply 
Paper 294, 1912, pages 49 and 118. 

**Water Resources of the Penobscot River Basin, Maine, by H. K. 
Barrows and C. C. Babb, U S. Geological Survey Water Supply Paper 279, 
1912, page 120. 

- 
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Absorp 
tion. 

Inches 

Table 7.-Soil Absorption at Moraine Park During Summer Storms 

Moisture in Soil 

Before After 
Rain Rain 

% %  

0 

Absorp- 
tion 

Inches 

Aug. 4- 8, 
Sept. 5- 6, 
Sept. 27-29, 
NOV. 23-24, 
June 26-30, 
Oct. 11-19. 

1916 . .  . . 
1916 . .  . . 
1916 . .  . . 
1916 . .  . . 
1917 . .  . . 
1917 . .  . . 

4 . 5 6  
4 . 1 2  
1 . 6 8  
0 . 8 4  
2 . 9 0  
2 . 0 2  

S . 7  
1 1 . 3  
9 . 9  
9 . 2  

1 0 . 3  

i S . 4  1 2 . 9 6  
1 6 . 9  2 . 1 5  
1 7 . 2  2 . 8 0  
1 6 . 2  2 . 6 9  
1 6 . 4  2 . 3 4  

7 . 4  
1 1 . 7  
1 0 . 4  
1 1 . 1  

5 . 8  

1 1 . 3  1 . 5 0  
1 5 . 1  1 . 3 0  
1 3 . 3  1 . 1 1  
1 6 . 0  1 . 8 8  

9 . 0  1 . 2 3  July 22-23; 1918 . .  . . 

Aug. 28-Sept. 2, 1918 . .  , . 
Aug. 12-23, 1918 . .  _ _  

*In upper two feet of soil. 

The preceding discussion has shown that throughout the 
period of about four and a half years covered by the observations 
the amount of moisture in the upper two feet of soil a t  Moraine 
Park varied from a minimum of 4.7 per cent, or  1.80 inches, to 
a maximum of 21.0 per cent, or 8.06 inches, in the case of the 
sod covering; and from a minimum of 3.1 per cent, or  1.19 
inches, to a maximum of 21.1 per cent, o r  8.10 inches, in the 
case of the bare soil covering; the difference in the actual 
amounts ofowater in the 2-foot layer in the two cases correspond- 
ing to 6.26 and 6.91 inches, respectively, averaging 6.58 inches. 
This average value would be the maximum possible absorption 
at Moraine Park as shown by the records. While the maximum 
percentages used above ‘were practically reached each winter, 
the minimum values were ’reached only once. Consequently this 
average value of 6.58 inches is one which would very seldom, if 
ever, be attained during a single storm. For the amount of soil 
moisture to be increased from the minimum value to the maxi- 
mum during a single storm would require an exceptional combi- 
nation of conditions such as the occurrence of a very heavy pro- 
longed rainfall a t  a time when the ground was dryest. Taking 
a value of 8 per cent for the minimum amount of soil moisture, 
a value which is reached practically every summer, the differ- 
ence between the amount of water in the upper 2 feet during the 
ordinary dry periods of the summer and the amount present 
during the winter, would be 5.00 inches. Probably this value 
is also greater than the maximum amount of water ever ab- 
sorbed during a single storm. 

’ 

3 . 1 1  

1 .39  
2 . 3 0  
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If the ground is not frozen the proportion of the maximum 
possible absorption that can be absorbed during a single storm 
varies with the amount of moisture present when the rain be- 
gins. The dryer the soil the greater is the space in which the 
water can be absorbed. If the rain continues long enough the 
moisture holding capacity of the upper two feet at Moraine Park 
will become filled, after which the water will percolate through 
the underlying sand and gravel as  fast  as  it can move through 
the surface soil. If the ground is frozen very little moisture will 
be absorbed unless the duration of the rainfall and the temper- 
atures are great enough to thaw out the ground. The actual 
amount of water that is absorbed during a given storm, of course, 

' varies also with the nature of the rainfall. If the rainfall inten- 
sity is greater than the rate at which the water can soak into 
the ground, and the surface storage has been filled, the excess 
water will run off; whereas, if the same total precipitation is 
distributed through a greater time, it may all be absorbed. 

Table 7 gives the larger records of absorption during indi- 
vidual storms, selected from the data in table 3. All records 
corresponding to  depths of two inches or more in the upper two 
feet are  included except in one or  two instances where the data 
seemed questionable. In addition, records corresponding to 
depths of less than two inches are  included for one type of sur- 
face covering where the absorption under the other type 
amounted to or exceeded two inches. The percentages of mois- 
ture present before the rain began and after the rain ceased, as  
well as the total precipitation during each storm period, a re  also 
included. The distribution of the rainfall can be seen by re- 
ferring to  figures 4 to 8, inclusive. The maximum values of ab- 
sorption given in the table are set in bold face type. The min- 
imum values have no special significance. 
' It will be noticed that in several instances the absorption 
was greater than the rainfall. The reason for this is that  the 
place where the samples were taken is located near the foot of 
a steep hill in the direct path of the surface runoff from the hill- 
side. As some runoff occurred during each of the storms re- 
corded in table 7, except the one of September 27 to  29, 1916, 
the amount of water available to replenish the soil moisture was 
actually greater than the rainfall. The discrepancy in case of 
the storm noted is probably due to the difficulties encountered 
in securing samples representative of average conditions. 

of?MJinteresting to note that while runoff occurred on the 
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plats having the bare surface in all but one of the storms listed 
in table 7, and on the plats having the sod covering in the greater 
number of the storms, in no case did the ground become satu- 
rated. The greatest amount 'of moisture found in the soil after 
the rain ceased was only 18 per cent in the case of the sod cov- 
ering, measured after the storm of August 28 to September 2, 
1918; and only 16.0 per cent in the case of the bare soil, meas- 
ured after the storm of October 11 to 19, 1917. 

Inspection,of table 7 shows that the moisture absorbed by the 
sod is generally greater than that absorbed by the bare soil, as 
would be expected. There are only two exceptions to this, and in' 
these instances the differences are so small as to come within 
the limits of possible errors. In one case, that  of August 4 to 
8, 1916, the values constitute the maxima of the entire record, 
amounting to 3.9'2 inches for the sod and to  4.26 inches for the 
bare soil. This storm, with a total rainfall of 4.56 inches spread 
rather uniformly over five days, began when the soil was dryer 
than at any other time during the period covered by the data. 
In  the other case, that  of August 12 to  23, 1918, the values are 
the next largest, amounting to 3.53 inches for  the soil under the 
sod and to 3.57 inches for the soil under the bare surface. The 
greater part  of the total precipitation of 2.30 inches which fell 
during this period, occurred in three separate showers on three 
different days, August 12, 14, and 17. These are  the only two 
instances where the absorption exceeded three inches ; and i t  is 
interesting to note that both of them occurred during the month 
of August. All of the storm periods given in table 7 occurred 
in the summer or  fall, during the months of June to November, 
inclusive. As shown in the preceding discussions, i t  is only 
during the summer months that the soil becomes dry enough to 
absorb such large amounts. 

The values of 2.34 inches for the soil under the sod and 2.03 
inches for  the soil under the bare surface, obtained during the 
period from September 5 to 6, 1916, were caused by a total 
rainfall of 4.12 inches which fell in the afternoon and evening 
of the 5th and in the morning of the 6th. The total period of 
time in which the rain fell was less than 18 hours. Probably 
90 per cent of the total precipitation occurred during the 6 hours 
from 3 t o  9 p. m., on the 5th. At  the Dayton Weather Bureau 
station the maximum intensities were 0.43 inches in 5 minutes, 
0.79 inches in 10 minutes, and 1.75 inches in 30 minutes. 

The values of absorption given in table 7 are  b&ep@ to 

, 
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Before After 
Rain Rain 

% %  

be less than the amounts that  actually occurred during the 
given storms, the reason being that while samples were always 
taken within a few hours or a day after the rain ceased quite 
frequently samples had not been taken for several days before 
the rain began. In calculating the values given in the table no 
allowances were made for  the evaporation which must have oc- 
curred between the time the samples were taken and the time 
the rain began. 

Absorp- 
tion * 

Inches 

Table &-Soil Absorption at Moraine Park During Winter Storms 

Storm Period 

Dec. 12-17, 1915 . .  . . . . . 
Apr. 20-22, 1916 . .  . . . , . 
Mar. 13-14, 1917 . .  . . . . . 
Dec. 9-13, 1918 
Mar. 5-10. 1919 . . .  . _ _ .  
Mar. 15-18; 1919. .  . . . . . 
Mar. 26-27, 1919. .  . , . . . 
Apr. 9-11, 1919. .  , ,- 

- 

Rainfall 

Inches 

1.75  
1 . 0 8  
1 . 4 4  
1 . 5 9  
1 . 0 9  
2 . 9 7  
0.85 
1 . 5 3  

*In upper two feet of soil. 

Under Sod 

Moisture in Soil 

Before 
Rain 

% 

1 5 . 6  
1 7 . 7  
19 .8  
17 .4  
19 .9  
2 0 . 4  
18 .6  
1 8 . 6  

- 

- 

- 
After 
Rain 

% 

1 7 . 3  
1 9 . 8  
1 9 . 0  
2 0 . 0  
2 1 . 0  
2 0 . 6  
2 0 . 6  
19 .4  

- 

- 

- 

Lbsorp 
tion * 

Inches 

- 
0 . 6 5  
0.80. 
0 . 3 0  
1.00 
0 . 4 2  
0 . 0 7  
0 . 7 7  
0 . 3 0  - 

Under Bare Soil 

Moisture in Soil I 

-I-I---- 

1 6 . 9  I 1 9 . 3  I 0 . 9 2  

In order to show how much moisture is absorbed by the soil 
during winter rains a few of the larger records of absorption 
during individual winter storms, selected from the data in table 
3, are assembled in table 8. The percentages of moisture pres- 
ent before the rain began and after the rain ceased and the 
total precipitation during each storm period are included, as in 
table 7. Only storms occurring 'during the months of Decem- 
ber to April, inclusive, a t  times when the grounid' was not frozen, 
are  considered. Maximum values are indicated as before. 

The-negative values appearing in table 8 are probably due 
to errors in observation as i t  is hardly likely that the soil was 
drier after the rain than it was before. It will be noticed that 
in only one case, that  of the soil under the sod in December, 
1918, was the absorption as much as an  inch. There does not 
seem to be much difference in the winter between the absorp- 

'tion under the sod and under the bare soil surface. The ground 
was frozen during the greater number of storms which occurred 
in the'months of January and February, and consequently such 
records were not included in table 8. 

. 
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It will be observed that in the greater number of storms 
listed in table 8 the soil was nearly saturated when the rain be- 
gan and was practically saturated when the rain ceased. It is 
interesting to point out that  although the ground was saturated 
by the storms of March 5 to 10 and 26 to 27, 1919, no trace 
of runoff could be observed on any of the plats. In  these in- 
stances the rates of precipitation must have been less than the 
rate a t  which the water could percolate through the two-foot 
layer of surface soil. 

SURFACE RUNOFF 

While the records in table 3 cannot be used to solve all prob- 
lems connected with surface runoff, they do furnish some inter- 
esting information. They enable us to  study the conditions un- 
der which surface runoff begins, the rates at which moisture 
can be absorbed by the soil, the relation of the total surface run- 
off to the total rainfall, during storm periods as  well as during 
the year, and the amount of water that  percolates through the 
surface soil to maintain the ground water flow of the streams. 
They also enable us to study the effect of variations in the slope 
of the ground, in the nature of the surface covering, in the 
amount of moisture in the soil when the rain begins, and in the 
character, intensity, and duration of the precipitation. 

Surface Slope and Surface Covering 

In  order to study the variations in surface runoff caused by 
variations in surface slope and in surface covering, the larger 
runoff records of table 3 are  assembled in table 9. Runoff meas- 
urements for all plats are included for  all dates on which the 
observations show a total runoff of a n  inch or  more on a t  least 
one of the plats. The differences in runoff due to variations in 
surface slope and to variations in surface covering have been 

‘calculated and are  given in the last four columns of the table. 
The observed total rainfall is also included. Maximum values 
of the various quantities are set in bold face type as  in preceding 
tables. It should be pointed out that  the amounts of rainfall 
and runoff, here given, did not occur on the date of observation 
noted in the first  column but occurred *during the time between 
the date noted and the preceding date on which observations 
were made. An idea of the probable distribution of the runoff 
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can be obtained by referring to the rainfall distribution shown 
in figures 4 to 8, inclusive. 

Some of the runoff measurements given in table 9 are believed 
to be too low or  are questionable as indicated. More detailed 
notes on these are  given at the end of table 3. Such notes are 
given only in cases where there was some definite reason to 
question the measurement. Probably several additional records 
for the sloping plat with the bare soil surface are too low since 
in several instances the runoff measured was appreciably less 
than that f r o m t h e  level plat with the same surface covering, 
as indicated by the minus signs in the difference column. This 
condition appears to have existed more often during the larger 
storms, such as  those listed in table 9, than during the smaller 
ones. 

In spite of these uncertainties, however, the data in table 9 
offers some interesting information. It will be noticed that the 
differences between the runoff from the level ground and from 
the hillside, either on the sod or  on the bare soil, are considerably 

. less than the differences between the runoff from the sod and 
from the bare soil, either on the level ground or  on the hillside. 
The maximum values of the former amount to 0.72 and 0.17 
inches, respectively, for the sod and bare soil surfaces ; while 
the maximum values of the latter amount to 2.20 and 2.09 inches, 
respectively, for the level and sloping locations. This would 
indicate that in small areas variations in surface covering have 
a relatively greater effect on runoff than do variations in sur- 
face slope. 

The differences between the runoff from the level ground 
and from the hillside, in the case of the sod covering, where 
there is no reason to doubt the accuracy of the results, are seen 
to be small in all cases, especially in comparison with the total 
amount of the precipitation. The maximum difference of 0.72 
of an  inch, found in the measurements of August 18, 1915, was 
only about 17.1 percent  of the rainfall. It might be mentioned 
that  this record covered two separate showers, each of which 
probably caused some runoff; so that  the absolute value of 0.72 
of a n  inch would be larger than that caused by either of the 
showers. The next largest difference was found in the meas- 
urements of February 11, 1918, amounting to 0.45 of an inch, 
o r  to  about 8.6 per cent of the precipitation. In  this case the 
runoff was caused almost entirely by melting snows at a time 
when the ground was saturated and was frozen to a depth of 

h 
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about eight inches. For such conditions the effects of variations 
in surface covering, as well as in ,surface slope, are probably 
much less important than in cases where the soil can absorb 
a large part of the precipitation. During the storm of July 7, 
1915, not included in table 9 because the runoff did not amount 
to an inch on any of the plats, the IdSfference was 0.35 of an 
inch, o r  about 16.6 per cent of the total rainfall. During this 
storm the greater part of the rain fell in about an hour. An 
examination of the data in table 3 shows that out of the 95 
observations in which some runoff occurred from the sod plats, 
in only 5 cases did the amount from the sloping plat exceed that 
from the level plat by as much as 0.25 of an inch, the difference 
generally being much less than this. 

In the case of the sod covering the maximum quantity of 
.runoff obtained from the sloping plat when there was no runoff 
from the level plat was 0.34 of an inch. This value was found 
in the observations of August 25, 1919, when the total rainfall 
amounted to 2.56 inches. In the case of t'ne bare soil-surface 
the corresponding value, which does not appear in the table, was . 
0.13 of an inch, this amount being measured on November 30, 
1918, when the total precipitation was only 0.73 of an inch. 

On the other hand the differences between the runoff from 
the sod and from the bare soil are  seen to be comparatively 
large. This is true for the sloping plats as well as for the level 
plats, in spite of the rather low values of the runoff from the 
bare soil plat on the hillside. Leaving out of consideration the 
data for February, 1918, when the conditions were abnormal 
as explained above, the differences for the level ground are seen 
to vary from 1.00 inch, or  about 24 per cent of the rainfall, on 
August 18, 1915, to 2.20 inches, o r  about 71 per cent of the rain- 
fall, on July 23, 1918 ; and those for the sloping ground are  seen 
to vary from 0.40 of an inch, or about 9 per cent of the rainfall, 
on August 18, 1915, to  2.09 inches, or about 70 per cent of the 
rainfall, on July 23, 1918, the extreme values for the two loca- . 
tions occurring on the same date in each case. 

The fact that variations in surface runoff due to  variations 
in surface cover are much greater than those due to variations 
in surface slope is also seen by referring to the runoff records 
platted in figures 4 to 8, inclusive. A study of these diagrams 
shows that while the occurrence of appreciable runoff was com- 
paratively frequent in the case of the bare soil, it  was very in- 
frequent in the case of the sod. In fact, runoff amounting to, 

. 
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or exceeding, 0.10 of an inch was observed on only 4 dates on 
the level sod plat as against 60 dates on the level bare soil plat; 
and on only 12 dates on the sloping sod plat as against 77 dates 
on the sloping bare soil plat. Melting snow or rain occurring 
at times when the ground was frozen caused the runoff on the 
level sod plat in 3 of the 4 cases and on the sloping sod plat in 
5 of the 12 cases. 

The reason that runoff seldom occurs on the sod plats, even 
in unusually heavy rainstorms, is that the soil is filled with roots 
down to the depth where the percentage of sand and gravel pres- 
ent is large. Consequently the soil is unusually pervious, and 
the water is able to percolate downward practically #as fast as  
the rain falls, even during unusually intense downpours. 

It thus appears that on the Moraine Park plats the nature 
of the surface covering has an important effect on. the runoff con- 
ditions while the slope of the ground is relatively unimportant. 

Table 10.-Surface Runoff and Soil Moisture at Moraine Park 
During Summer Storms 

Storm Period 

June 1- 2, 1915. 
July 7, 1915. 
SeDt. 5. 1915. 
Mgy 3- 7, 1916. 

Sept. 5- 6, 1916. 
May 26-28, 1917. 

Aug. 4- 7, 1916. 

June 2- 9; 1917. 
June 26-28. 1917. 
July 7, 1917. 
July 16-17, 1917. 
July 23-26, 1917. 
AUE. 21-22. 1917. 
MCV 11-12: 1918. 
June 6, ' 1918. 
Aug. 12, 1518. 
Aug. 24, 1919. 

Rainfall 
in Inches 

2 .01  
2 .11  
2 .15  
1.81 
3 .63  
4.12 
2 .28  
2 .77  
2.86 
1 . 2 5  
1 . 4 3  
0.96 
3.02 
2 .75  
1 .43  
1 .21  
2 .56  

*After rain ceased. 

Runoff 
in Inches 

Sod 

0.02 
0.24 

0 
0 

0.12 
0.02 
0 .01  
0 . 0 1  
0.02 
0 .01  
0 . 0 1  
0 .01  
0.02 
0.02 

0 
0 .02  
0 .17  

Bare Soil 

0.35 
0 .70  
0.32 
0.59 
1 .26  
1 .78  
0.90 
0.90 
1 .70  
0.30 
0.40 
0.42 
1 .44  
0.85 
0.28 
0.66 
1 .72  

Moisture in upper 6 
inches of Soil, in 7, 

Sod 

12.5  
11.2 
14.4 
15 .4  
14.9 

' 13 .9  
15 .3  

.13.9 
16.4 
11 .9  
14 .8  
1 6 . 3  
15 .3  
19 .3  
15.0 
12.2 
20.6 

Bare Soil 

11.9  
14 .1  
13: 9 
13.0 
11 .9  
15 .1  
17.0 
11.4 
13 .5  
11 .9  
13.4 
12.2 
10.0 
19 .5  
15.4 
7 . 9  

16 .6  

Ratio of 
Runoff 
from 

Bare Soil 
to Rainfall, 

in % 

17 
33 
15 
33 

' 35 
43 
39 
32 
59 
24 
28 
44 
48 
31 
20 
54 
67 

It was in view of this condition that  the average values of the 
runoff for the two types of surface covering were calculated 
and recorded in columns 15 and 18 of table 3. The following 
studies will generally be confined to these average values. 

The effect of surface slope on the total amount of runoff un- 
doubtedly becomes more important as the size of the area in- 

, 
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creases, due to the longer time required for the runoff to reach 
the drains. A part  of the water which ran off a t  Moraine Park 
probably would have been absorbed if i t  had been required to 
flow several hundred feet to the drains instead of less than 
seven, since total absorption varies with the length of time the 
surface is covered with water. This additional absorption would 
undoubtedly have been larger in the case of the level plats than 
in the case of the sloping plats, due to the effect of slope on ve- 
locity. 

Surface Runoff and Soil Moisture 
It was pointed out in the discussion of the amount of water 

absorbed by the soil during storms that surface runoff occurred 
a t  Moraine Park a t  times during the summer when the upper 
two feet of soil was not saturated. In order to study in more 
detail the effect of soil moisture on the surface runoff during 
the summer, the records of table 3 which are  best suited for such 
a study are  arranged in table 10. The records of rainfall, runoff, 
and amount of moisture in the upper 6 inches of soil after the 
rain ceased have been included for  storms occurring during the 
months of May to September, inclusive, where the average run- 
off from either the sod or  the bare soil amounted to or exceeded 
a quarter of an inch. Storms have not been included where there 
was any opportunity for the ground to dry out appreciably be- 
tween the time the rain ceased and the time the samples were 
taken. The ratio of the runoff from the bare soil t o  the total 
rainfall is given in the last column. In  a few cases, where ob- 
servations had not been made just before and just after the 
given periods, the total precipitation was calculated from the 
Dayton records, assuming that the ratio of the total rainfall dur- 
ing the storm to the total observed was the same a t  both loca- 
tions. In  such cases it was also assumed that all of the runoff 
occurred during the storm period. 

The data in table 10 shows that while a considerable propor- 
tion of the rainfall ran off of the bare soil during each of the 
storms included, in only one case, that  of May 11 to 12, 1918, 
was the upper 6 inches of soil found to be nearly saturated after 
the rain had ceased. The samples taken after this storm showed 
a moisture content of 19.5 per cent for the upper 6 inches under 
the bare surface. The corresponding observations for the other 
storms included in the table are  seen to vary from 7.9 per cent 
to  17.0 per cent, averaging about 13.0 per cent. The preceaing 
discussion of soil moisture showed that the soil under the bare 
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surface can contain a quantity of water equivalent to 25.6 per 
cent of its dry weight, that  single observations showed as  much 
as 23 per cent for a depth of 6 inches, and that average amounts 
for the upper 2 feet of as  much as 21 per cent were measured. 
It thus appears that  the runoff during these storms was caused 
by the rain falling faster than it could soak into the ground, 
rather than to rain falling on a saturated soil. 

The storms of August 4 to 7, 1916, September 5 to 6, 1916, 
June 26 to 28, 1917, August 21 to 22, 1917, and August 12, 1918, 
occurred a t  times when the ground was unusually dry and was 
baked hard. The other storms occurred a t  times when the 
ground was neither unusually dry nor unusually wet. It may be 
interesting to note that considerable flood runoff occurred 
throughout the Miami Valley ,during the storms of July 7, 1915, 
May 3 to 7, 1916, June 26 to 28, 1917, July 16 to 17, 1917, and 
May 11 to 12, 1918; also that some flood runoff was observed ai  
a few of the gaging stations on the smaller streams of the val- 
ley during each of the other storms included in table 10. 

Some interesting observations on surface runoff during in- 
tense rates of precipitation when the soil was unusually dry were 
made a t  Carrmonte, about two miles north of Moraine Park, on 

. August 5 and 6, 1916. Rain began falling a t  an  intense rate a t  
2:40 p. m. August 5. At  2:50 p. m. the precipitation, which had 
been fairly steady, amounted to 0.56 of an  inch, corresponding 
to  an average rate of 3.36 inches per hour for the ten minutes. 
At  this time water was running off wherever there was enough 
slope in the ground surface to allow it to  do so. It was running 
down a gravel alley which had a comparatively flat slope, and was 
standing all over a level lawn, running off wherever it could. 
Before the rain began the ground was unusually dry and was 
baked hard. In fact it was drier than a t  any other time during 
the peridd covered by the Moraine Park experiments. At  3:20 
p. m., when the rain ended, the total precipitation amounted to 
1.10 inches. Probably not more than half of this quantity was 
absorbed by the soil. 

At  4:35 p. m. on August 6, rain began falling again A, a 
fairly intense rate. A t  4:50 p. m. the precipitation, which had 
been steady, amounted to 0.37 of an  inch, corresponding to an 
average rate of 1.48 inches per hour for the fifteen minuts .  
At  this time the water was running off the same areas under 
practically the same conditions as  on the preceding day. 

Interesting information regarding runoff from a small area 

. 
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Runoff 
in Inches 

Rainfall 
in Inches 

Sod BareSoil 

in Arkansas, caused by an  intense shower occurring when the 
ground was dry and baked hard, was given by James H. Fuertes 
in the Journal of the Western Society of Engineers, April, 1899, 
page 170. An abstract of his article is given on pages 265 and 
266 of Metcalf and Eddy's American Sewerage Practice, Volume 
I. A total runoff of 0.38 of a n  inch occurred from an  area of 
about 2400 square feet, the surface of which sloped uniformly 
a t  a rate of about 5 feet in 100 feet, due to-a total precipitation 
of 1.3 inches in 37 minutes, 0.71 of which fell in 8 minutes. The 
maximum rate for 5 minutes was 6 inches per hour, or a total 
of 0.50 inches in the 5 minutes. 

It was also pointed out in the discussion of the amount of 
water absorbed by the soil during storms, that  surface runoff 

Table 11.-Winter Storms at Moraine Park Which Did Not 
Cause Appreciable Runoff 

~~ 

Moisture in upper 6' of Soil, in % 

Sod Bare Soil 

Before After Before After 

Sorm Period 

Dec. 16-17, 1915. .  . . . . . , 
Jan. 27-31, 1916 . . .  . . .  . , 

Apr. 1- 2,  1917 . .  . . . .  . . 
Jan. 1. 1919 . . .  . . . . . 

1 . 5 0  0 . 0 2  0 . 0 3  1 5 . 6  1 7 . 1  1 5 . 5  1 5 . 6  
2 . 3 9  0.01  0 . 0 5  1 6 . 0  16 .4  18.0 1 6 . 5  1 0.78 1 0 1 0 1 1 6 . 7  I 1 9 . 4  1 19 .7  1 1 8 . 2  

I 0.75  1 0 I 0 I 19 .4  I 2 0 . 0  I 19 .9  1 2 1 . 1  
Mar. 5- 8, 1919. .  . . . . . . 1 . 0 9  0 0 1 6 . 8  1 8 . 2  1 8 . 0  1 9 . 0  
Mar.15-18,1919 . . . . . . . .  2 . 9 7  0 . 0 2  0 . 0 6  1 8 . 4  19 .6  1 7 . 6  1 8 . 8  
Mar.27, 1919 . _ . . . . . .  1 0 .85 1 0 1 '  0 1 1 7 . 1  1 1 8 . 1  1 1 6 . 1  1 1 9 . 2  

did not occur on the plats a t  Moraine Park at times in the winter 
when the ground was apparently about as wet as it ever is. In  
order to show this condition more fully the more pertinent rec- 
ords of table 3 are  brought together in table 11. Records of rain- 
fall, runoff, and moisture in the upper 6 inches of soil before 
the rain began and after the rain ceased, are included for storms 
occurring during the months of December to April, inclusive, 
where the total precipitation amounted to or exceeded 0.75 of an  
inch, where the average runoff did not amount to as much as  
0.10 of an  inch from either the bare soil or  the sod, and where 
there were no complicating conditions which would affect the re- 
sults. Storms in which the precipitation occurred as snow are  
not included. In  a few cases the Dayton daily records have been 
utilized in determining the total rainfall during the storm pe- 
riods, a s  explained in the discussion of table 10. 

A study of the data in table 11 shows that while in two cases 
the upper 6 inches of soil was not saturated when the rain ceased, . 
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in the remaining instances the ground contained about as much 
moisture as it can hold under field conditions. Moreover, in the 
cases where the soil was not saturated, the storms of December 
16 and 17,1915, and January 27 to 31, 1916, the amount of mois- 
ture present was as great o r  greater than in the cases included 
in table 10. No appreciable runoff occurred from either the bare 
soil o r  the sod during any of the storms included in table 11 
while considerable runoff occurred from the bare soil during all 
of the storms included in table 10. The fact that  runoff did not 
occur from the bare soil, where there was no appreciable surface 
storage, during the storms included in table 11, although the 
ground was practically saturated in most cases, indicates that  
in these instances the rates of precipitation were less than the 
rates a t  which water could be absorbed or could percolate 
through the two-foot layer of surface soil into the underlying 
porous sand and gravel. Although parts of the precipitation on 
the sod plats, where there was some surface storage, may be ac- 
counted for by evaporation, i t  does not seem probableJhat any 
perceptible amount of the precipitation on the bare soil plats 
could be accounted for in this way. On these plats practically 
all of the water must have been absorbed by the soil or have per- 
colated into the underlying materials. During the larger storms 
such as  those of January 27 to 31, 1916, and March 15 to 18, 
1919, considerable quantities of water must have percolated. 

It thus appears that  for bare soil, where there is practically 
no surface storage, intensity of precipitation has an important 
effect on runoff. If the intensity is greater than the rate at 
which water can be absorbed by the surface soil, or greater than 
the rate a t  which i t  can percolate through the soil when the 
ground is already saturated, the excess water must run off. 
In  such cases the amount of runoff must increase as  the intensity 
of rainfall increases. Where the soil is covered with sod o r  
with agricultural crops the surface storage acts as a regulating 
reservoir, holding the water which falls during the periods when 
the intensity is greater than the rates a t  which the water can 
enter the ground, and allowing i t  to soak into the soil later, 
when the precipitation is less intense. Consequently in such 
cases, variations in the intensity of the precipitation are rela- 
tively less important as regards runoff. 

Rates of Absorption and Percolation 
In  the case of the bare soil plats a t  Moraine Park a study of 

the intensities of precipitation during some of the storms may 

2 
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furnish approximate information regarding the rates a t  which 
water can be absorbed by, o r  can percolate through, the two- 
foot layer of surface soil. The only data on intensities available 
for such a study are the graphical rainfall records maintained 
by the U. S. Weather Bureau a t  Dayton, about five miles north . 
of Moraine Park. During some of the storms for which data is 
available, such as the local thunderstorm of August 24, 1919, 
where the total precipitation at the experimental plats was abcut 
four times as great as at Dayton, the intensities a t  the latter 
location were, of course, quite different from those a t  Moraine 

FIG. 9.-RATE 0F.RAINFALL AT MORAINE PARK DURING THE 
STORM OF JULY 7, 1915. 

The average rate of absorption indicated by the horizontal line cutting 
through the periods of most intense precipitation, applies only to the bare 
soil plats. 

Park. During others, however, such as the storms of July, 
1915, and March 15 to 18, 1919, which were fairly uniform 
throughout the Miami Valley, it is believed that the Dayton rec- 
ords furnish fairly reliable information regarding the Moraine 
Park intensities. 

It i’s also possible that a study of the excessive precipitation, 
as tabulated from the graphical records and published in the 
Monthly Weather Review, in connection with a study of the oc- 
currence of runoff on the bare soil plats may throw some light 
on the capacity of the soil to absorb precipitation during intense 
showers. “Excessive precipitation” is a term used by the U. S. 
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Weather Bureau to denote intensities amounting to or  exceeding 
the following rates : 
Inches -0.25 0.30 0.35 0.40 0.45 0.50 0.55 0.60 0.65 0.70 0.80 
In min.- 5 10 15 20 25 30 35 40 45 50 60 

Studies of rates of rainfall and of percolation or absorption 
have been made for some of the storms for which i t  is believed 
that the graphical records may be safely used. The rates of 
rainfall in inches per hour a t  Moraine Park were first platted 
as illustrated in figures 9 and 10. In determining the intensities 

The average. ra te  of percolation indicated by the horizontal line 
cutting through the periods of most intense precipitation, applies only to  
the bare soil plats. 

a t  the plats from the Dayton records it was assumed that the 
rates of precipitation a t  the two places for short periods of time 
were in the same proportion as the total amounts for the storm 
period. While this assumption may be som.ewhat in error at 
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times, i t  is the only possible basis upon which to proceed. More- 
over no storms have been studied where the intensities a t  the 
two locations could have been appreciably different. 

The rates of precipitation were calculated for short inter- 
vals of time, by dividing the length of the interval in hours into 
the total rainfall in inches. In  general, 5-minute intervals were 
used where the precipitation was excessive, and longer intervals 
where the rates were not so intense. Although the rates varied 
during the intervals used, they were platted as if they had been 

. constant. This method is sufficiently accurate for the present 
purpose and has the advantage that  the area under the diagram 
is kept exactly equal to the total precipitation from which the 
rates were calculated. 

If i t  is assumed that the runoff occurred during the periods 
of most intense precipitation, that  the amount of water evapor- 
ated during these periods was negligible, and that  water en- 
tered the ground a t  a uniform rate a t  such times ; then this rate 
of absorption, o r  of percolation, as the case may be, will be rep- 
resented on the diagram by a horizontal line a t  such a height 
that  the total area enclosed between it and the line representing 
the rate of precipitation will be equivalent to the total runoff. 
This rate would be the maximum mean rate a t  which water 
could soak into the bare soil under the conditions then existing. 
It would not, of course, be constant for the different storms, but 
would vary widely due to variations in temperature, condition 
of the surface, amount of soil moisture present, and rainfall in- 
tensity. In  fact, it would probably vary considerably during a 
given storm. The assumption that it would be constant during 
the periods of most intense rainfall may be appreciably in error 
in certain cases. However, since continuous records of rurioff 
were not secured, it is not possible to allow for such variations. 

Maximum rates of absorption o r  of percolation were deter- 
mined in the above described manner for  the bare soil plats for 
several storms occurring during ,different seasons of the year. 
The studies for the storms of July 7, 1915, and March 15 to 17, 
1919, are shown in figures 9 and 10. The rate a t  which the 
water entered the soil during the July storm has been termed 
“rate of absorption” since the soil was not saturated when the 
rain began or  after it had ceased. For the March storm the rate 
has been termed “rate of percolation” since in this case the soil 
was practically saturated when the rain began, so that the 
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greater part of the water entering the soil must have percolated 
through the surface layer into the underlying sand and gravel. 

The results of the studies are given in table 12. The amount 
of moisture in the soil under the bare surface when the rain be- 
gan, the total  precipitation, the total runoff, and the rates of 
absorption or of percolation are included for the various storms 
investigated. The storms are arranged in the table by dates 
according to the calendar year, irrespective of the year of their 
occurrence. The rates of percolation o r  absorption are the ac- 
tual depths of water which would be taken up by the soil in one 
hour if the absorption rate existing during the period in which 
the runoff occurred continued that long. 

A study of the data in table 12, of the rainfall distribution 
during the storms included in this tabulation, and of excessive 
rainfall records at Dayton, results in three conclusions regard- 
ing the bare soil plats a t  Moraine Park, as follows: 

1. That water can percolate through the-two-foot layer of 
surface soil into the underlying sand and gravel, when the ground 
is saturated but not frozen, a t  a rate as great'as 0.25 of an inch 
per hour. 

2. That water can be absorbed by the soil a t  times when the 
ground is unusually dry, a t  a rate as great as 1.00 inch an hour 
for intervals as long as 30 minutes. 

3. That water cannot be absorbed by the soil at any time, no 
matter how dry i t  is, a t  a rate as great as 3.00 inches per hour 
for periods as long as 5 minutes. 

I 

Table 12.-Rainfall Intensities and Rates of Percolation and 
Absorption at Moraine Park 

2 . 8 1  
1 .77  
1 .53  
0 . 9 5  
1 . 7 5  
2 . 7 5  
2 . 0 7  
2 . 1 5  
4 . 1 2  

Storm 

0 . 0 6  0 . 4 9  
0 .,28 0 . 3 0  
0 . 1 4  1 . 0 4  
0 . 4 6  0 . 4 5  
0 . 5 9  0 . 3 1  
0 . 8 5  0 .27  
0 . 7 0  1 .00  
0 . 3 2  2 ' 0 . 4 0  
1 . 7 8  1 . 2 1  

Mar. 15-17, 1919. .  . 
Mar. 26-27, 1916. .  . 
Apr. 9-10, 1919..  . 
Apr. 30, 1917..  . 
May 3- 7, 1916. .  . 
May 11-12, 1918. .  . 
July 7, 1915. .  . 
Sept. 5, 1915 . . .  
Sept. 5- 6, 1916..  . 

Moisture in Soilt 
when rain began 

in per cent 

1 7 . 2  
16 .7  
1 8 . 0  
1 7 . 6  
1 3 . 4  
1 5 . 8  
9 . 4  

t t 1 4 . 3  
3 . 7  

Total Average of Percolation 

in Inches pei hour 
in Inches Bare Soil 

tUnder bare surfRce 
*Depths of rainfall taken up by the soil per hour during the periods 
in which runoff occurred. 

HMoisture content of soil on September 7. 

088 
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The first conclusion was based primarily on a study of the 
storms of March 26 and 27, 1916, March 15 to 17, 1919, and 
April 30, 1917. The rate of 1.04 inches per hour, given for the 
storm of April 9 and 10, 1919, probably represents absorption 
rather than percolation. It is comparatively high due to the 
small amount of runoff together with the fact that the intense 
rates of percipitation occurred in three separate showers no one 
of which lasted more than five minutes. 

The second conclusion was based on a study of the storms 
of July 7, 1915, and September 5 and 6 ,  1916. The records are 
unusually good for the former. This storm was fairly uniform 
throughout the valley, in intensity as well as in duration. For 
the latter it is believed that the absorption rate is too high due 
to the runoff being too low. The absorption rate for the storm 
of September, 1915, appears to be low although no satisfactory 
reason can be offered. 

1 

The third conclusion was based on a study of the excessive 
precipitation at Dayton, as  tabulated and published by the U. S. 
Weather Bureau, together with the data given in table 3. It 
was found that some water ran off of the bare soil plats on all 
but one of the 31 dates on which excessive rates of precipitation 
occurred at Dayton. The storm in which no runoff occurred was 
one in which the total precipitation amounted to 0.80 inches at  
Dayton and only 0.07 inches at the plats, so that the intensities 
at the two places were not at all comparable. 

Some interesting observations on rainfall intensities and run- 
off conditions were obtained in Dayton on April 20. 1920, when 
the soil was already practically saturated. A heavy shower oc- 
curring during the period from 6:30 to 6:41 a. m. caused con- 
siderable runoff from bare soil and sod surfaces, both level and 
sloping. The total precipitation during this time was 0.23 of 
an inch, corresponding to an average rate of precipitation of 
1.25 inches per hour. During the period from 7:20 a. m. to 
7:30 a. m., when the average rate of precipitation was 0.54 of 
an inch an hour, no runoff whatever could be noticed on either 
bare soil or sod surfaces even on comparatively steep slopes. 
These observations would indicate that water can be taken up 
by the soil, when the ground is practically saturated, a t  a rate 
as great as a half an inch an hour but that it cannot be taken 
up at a rate as great as an inch and a quarter an hour. 

I 

The rate at which 
with the composition 

water can enter the ground varies wi,dely 
and texture of the soil, its temperature, 
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the type of surface covering, the amount of moisture present, and 
the rainfall intensity. Much has been written on the movements 
of soil moisture. To attempt any general discussion of.the mat- 
ter  is beyond the scope of this publication. It may be stated, 
however, that  the effect of initial moisture content on the rate 
of movement was discussed in the Journal of Agricultural Re- 
search, July 16, 1917, by F. s. Harris and H. W. Turpin." The 
rate of movement was shown to increase as the initial amount 
of moisture present increased. It may be mentioned also that 
Professor King of Wisconsin University found that  water would 
percolate through a column of clay loam 14 inches long at a rate 
of 1.6 inches depth in 24 hours.** However, a s  he did not give 
a mechanical analysis of the soil, i t  is not possible to  compare 
his result with the rate a t  which water will move through the 
Moraine P q k  soil. 

Conditions During Storm Periods 

Table 13 contains the rainfall and runoff data for all of the 
large storms which occurred during the period cevered by the 
records. The dates of the storm periods, the total precipitation, 
the total average runoff from each type of surface covering, 
the rainfall which did not run off, or the retention as i t  is termed, 
and the ratios of the runoff to  the rainfall, in per cent, are in- 
cluded for  each storm. In a few cases, where observations had 
not been made just before and just after the given periods, the 
total rainfall was calculated from the Dayton daily records, as- 
suming that the ratio of the precipitation during the storm to  the 
total observed wa,s the same a t  both locations. This was only 
done in instances where i t  was known from a study of other 
data that appreciable errors could not result. 

The storms are  arranged in the table in groups. Those in 
which the precipitation occurred in one day o r  less, called one- 
day storms, are  included in the first  group; those in which the 
precipitation covered a period of more than one day and not 
more than two days, called two-day storms, are  included in the 
second, and so on. I n  each group storms are arranged chrono- 
logically. Only those storms have been included in which the . 
rainfall amounted to or exceeded 1.00 inch in one day, 1.50 inches 

*Movement and Distribution of Moisture in the Soil, by F. S. Harris 
and H. W. Turpin, Journal of Agricultural Research, U. S. Department 
of Agriculture, July 16, 1917. 

**The Soil, Its Nature, Relations, and Fundamental Principles of 
Management, by F. H. King, 1906, page 171. 

I 
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Table 13.-Rainfall, Runoff, and Retention at  Moraine Park 
During Storm Periods 

. . . . . . . . . . .  
14.7  
21.9 
11.8. 
33.8 

Average Runoff Retention Ratio of Rilnoff 
Total in Inches in Inches to Rainfall; in % 

Storm Period Rainfall 1 I n k s  1 Sod I Bare 1 Sod 1 Bare 1 Sod I Bare 

1 . 0  
0 .5  

7 . 6  
0 .8"  
0 . 8  

0 . 9  

1 . 7  
0 . 6  
6 . 6  

. . . . .  

. . . . .  

. . . . .  

May 20. 1915 . . . . . . . .  
Mav 30 . 1915 . . . . . . . .  

14 .9  
57.8 
43 .2  
35.3 
44.3 
24.0 
41.9 
48.2 
38 .1  
21.2 
54.5 
6 . 0  

67.2 

Junk 2: 1915 . . . . . . . .  
June 15. 1915 . . . . . . . .  
July 7. 1915 . . . . . . . .  
Sept . 5. 1915 . . . . . . . .  
June 2. 1916 . . . . . . . .  
Sept . 
Jan  . 5. 1917 . . . . . . . .  
Mar . 13. 1917 . . . . . . . .  
Julv 7. 191 7 . . . . . . . .  

5- 6: 1916 . . . . . . . .  

0.5  
0 . 6  
. 0 . 6  

0 .7  
0 .7  

Ocf  18; 1917 . 
Oct . 29. 1917 . . . . . . . .  
May 12. 1918 . . . . . . . .  
June 6. 1918 . . . . . . . .  
Aug . 12. 1918 . . . . . . . . .  
July 20. 1919 . . . . . . . .  
AUB . 24 . 1919 . . . . . . . .  

5 . 5  
0.6 

15 .. 8 

63 .6  
48 .8  

. . . . . . . . . . .  

May 20.21. 1915 . . . . . . . .  
June 1- 2. 1915 . . . . . . . .  
Sept .. 26-27. 1915 . . . . . . . . .  
NOV . 18-19 . 1915 . . . . . . . .  0 .01  

0.28 
0 

*1.70 
1.44 
1 .54  

. . . . .  ~ 

Mar.'26-27; 1916 . . . . . . . .  
Sept . 27-28, 1916 . . . . . . . .  
June 27-28, 1917 . . . . . . . .  
Aug . 21-22, 1917 . . . . . . . .  
Oct . 18-19 . 1917 . . . . . . . .  

1.54 
1:76 
1 .61  
2.65 
2 .93  
1.55 

May 11-12; 1918 . . . . . . . .  
July 22-23, 1918 . . . . . . . .  
ADr . 9-10, 1919 . . . . . . . .  

0 . 6  
0 . 7  
2 . 3  

May 8- 9. 1919 . . . . . .  
Oct . 26-27. 1919 . . . . . .  

34.6  
30.9 
71.4 

ONE-DAY STORMS 

2 .75  
3 .11  
1 .53  
1 .57  
2.19 

. 
1.15  
1 .22  
1.14 
1.10 
2.07 
2.15 
1.99 
4.12 
2.04 
1.31 
1 .25  
1 .29  
1.14 
2 .23  
1.32 
1 .21  
1.66 
2.56 

0 .02  0 .85  2 .73  
0.07 2 .22  3.04 
0 .02  0 .14  1 .51  
0 .01  0.11 1.56 
0 .02  0.48 2.17 

. 

. 0 
0.01 
0 .02  
0 . 0 1  
0.24 

0 
0.02 
0.02 

0 
0.10 
0 .01  
0 .01  

0 
0.02 

0 
0.02 
0.01 
0.17 

~ 

0 
*O . 18 
0 .25  
0.13 
0.70 
0.32 

$1.15 
'1.78 
0.72 
0.58 
0.30 
0.54 
0.55 
0 .85  
0 .28  
0.66 
0.10 
1 .72  

I'WO-DAY STORM 

. 
1.15  
1 .21  
1.12 
1 .09  
1 .83  
2 .15  
1 .97  
4 .10  
2 .04  
1 .21  
1 .24  
1 .28  
1.14 
2 .21  
1.32 
1 .19  
1 . 6 5  
2 .39  - 

1.59  I 0 
1 0 . 0 4  11 .59  

2 .01  0 .02  0 .36  1 .99  
1.82 IO .01  10 .10  I 1 .81  
1.55 
1 .77  
1 . 6 1  
2 .67  
2 .95  
1 .56  

0 . 0 1  
0 .01  

0 
0 .02  
0 .02  
0 .01  

May 20.22. 1915 . . . . . . . .  
Jan  . 10.12, 1916 . . . . . . . .  
AUB . 4- 6 . 1916 . 
Mcy 26-28; 1917 . . . . . . . .  
July 22-24, 1918 . . . . . . . .  
Mar . 15-17, 1919 . . . . . . . .  
Mav 7- 9. 1919 . . . . . . . .  

THREE-DAY STORMS 

. 
1 .15  
1.04 
0.89 
0.97 
1 .37  
1 .83  
0.84 
2.34 
1 .32  
0 .73  
0 .95  
0.75 
0.59 
1 .38  
1.04 
0.55 
1 .56  
0.84 - 

__ 
1.55 
1 . 6 5  
1.72 
1.54 
1 .49  
1 .61  
0.97 
1 .51  
1.02 
1 .90  
0 .89  
1 .39  
1 . 4 6  
1 .71  

. . . . .  2 . 5  
1 . 0  I 17.9  

1 .3  9 . 1  
0 . 6  1 7 .0 ,  
0 . 9  21.9 

2 .02  0.04 0.19 1 .98  1 .83  9 .4  
2 .52  0.09 0.22 2 .43  2 .30  
2 .51  1 0 . 1 2  1 1 . 26  1 3 . 3 9  1 2 .25 1 !;! 13;:; 
2 . 2 8 '  0 .01  0.90 2.27 1.38 0 . 4  39 5 

FOUR-DAY STORMS 

Aug . 4- 7. 1916 . . . . . . . .  3.63  0 .12  1 .26  3.51 2 .37  3 . 3  34 .7  
Mar . 15-18, 1919 . . . . . . . .  1 2 . 9 4  1 0 . 0 2  1 0 . 0 6  1 2 . 9 2  1 2 . 8 8  I 0 . 7  I 2 .0  

FIVE-DAY STORMS 

Aug . 4- 8. 1916 . . . . . . . .  1 4 . 5 6  1 0 . 1 3  1 1 . 2 8  1 4 . 4 3  1 3 . 2 8  I 2 . 9  1 2 8 . 1  

. .  
. . .  . . . .  : 
.< . ' ..... i . ... 

*Record probably low . 

0 a:f: 
L r  
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in two consecutive days, 2.00 inches in three consecutive days, 
and so on, increasing 0.50 of an inch for each additional day. 
Records have been included for both types of surface covering 
whenever the above criterion was satisfied for  one type. No 
storms satisfying this criterion for periods longer than five days 
occurred during the time covered by the data. The maximum 
values of the various quantities are indicated as in preceding 
tables. Storms in which the precipitation occurred as snow have 
not been included. 

One-day Storms 

Considering the one-day storms, an examination of the data 
in table 13 shows that the storm of September 5 and 6, 1916, was 
the one in which the rainfall was greatest. While this storm is 
included in the one-day group, the total precipitation of 4.12 
inches actually occurred in about eight hours. About 88 per 
cent of the total fell in four separate showers in the afternoon 
and evening of the fifth and on the morning of the sixth, in a 
total time of one and three-quarters hours. This storm occurred 
when the ground was unusually dry, when there was a fairly 
heavy growth of grass on the sod plats, and when the weather 
conditions were favorable for high rates of evaporation. On the 
sod plats, where considerable surface storage was available, only 
0.02 of an  inch ran off, the remaining 4.10 inches, the maximum 
value of the retention for  the one-day storms, being taken up by 
the soil o r  evaporated between showers. This value of -4.10 
inches, or  practically the entire precipitation, is greater than the 
maximum corresponding values for the two, three, and four-day 
storms, being exceeded only by the value of 4.43 inches for the 
one five-day storm. On the bare soil plats, where there was no 
surface storage, 1.78 inches, or about 43 per cent of the rainfall, 
ran off. This is the maximum value of the runoff for the one- 
day periods. However, thee precipitation during this storm was 
so great that  in spite of the relatively large amount of runoff, 
the retention for the bare soil, 2.34 inches, or  about 57 per cent 
of the rainfall, was not only the maximum value for  the one-day 
storms, but was also greater than any of the two-day values. 

The maximum amount of runoff from the sod plats, for  the 
one-day periods, occurred during the storm of July 7, 1915. 
This was an  intense storm of about an  hour’s duration, a s  shown 
in figure 9. The runoff amounted to 0.24 of an  inch o r  to about 
11.6 per cent of the rainfall, this value of the ratio of runoff 
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to  rainfall also being the maximum for the one-day storms. In  
fact, the runoff from the sod and its ratio to the total precipita- 
tion were both greater than during any of the other storms in- 
cluded in table 13. The soil was neither unusually dry nor un- 
usually wet when the rain began. The sod was covered with a 
fairly large growth of grass so that considerable surface stor- 
age was available. 

The maximum ratio of the runoff to the rainfall for  the bare 
soil plats, 67.2 per cent, occutred during the intense storm of 
August 24, 1919. This storm occurred at a time when the soil 
contained more than the ordinary amount of moisture. 

The greater number of the one-day storms occurred during 
the summer and fall months. Of the eighteen storms included in 
this group, sixteen occurred during the months of May to No- 
vember, inclusive. Only two, the storms of, January 5 and March 
13, 1917, occurred during the months of December to April, in- 
clusive. During the storm of January 5, 1917, in which the rain- 
fall amounted to 2.04 inches, there was no runoff, whatever, 
from the sod plats, and only 0.72 of an inch, or  about 35 per cent 
of the rainfall, from the bare soil plats; so that the retention 
amounted to 2.04 and 1.32 inches, respectively for  the two types 
of surface cover. During the storm of March 13, 1917, in which 
there was only 1.31 inches of rain, the runoff amounted to 0.10 
of an  inch, or about 7.6 per cent of the rainfall, in the case of 
the sod, and to 0.58 of an  inch, or  about 44 per cent of the rain- 
fall, in the case of the bare soil. During this storm the values 
of the retention were 1.21 and 0.73 inches, respectively, for 
the two types of surface covering. Both of these storms oc- 
curred a t  times when the soil was saturated and contained no 
frost. 

Two-day Storms 

Considering the two-day storms the maximum values of the 
rainfall, of the runoff, and of the ratio of runoff to  rainfall for 
both types of surface cover, and of the retention for  the sod, oc- 
curred during the storm of July 22 and 23, 1918. The maximum 
value of retention for the bare soil occurred during the storm of 
May 11 and 12, 1918, amounting to 1.90 inches, or about 69 
per cent of the total rainfall of 2.75 inches. During the July 
storm the rainfall was 3.11 inches; the runoff from the sod, 0.07 
of an  inch, or  about 2.3 per cent of the rainfall ; the retention for  
the sod, 3.04 inches, o r  about 98 per cent of the rainfall the 
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runoff from the bare soil, 2.22 inches, or  about 71 per cent of 
the rainfall; and the retention for the bare soil, 0.89 inches, or 
about 29 per cent of the rainfall. During the May storm the 
runoff from the bare soil amounted to only 0.85 of an inch, or 
about 31 per cent of the rainfall. The July storm occurred when 
the soil was unusually dry. The May storm occurred when the 
ground was practically saturated. The fact that  the runoff from 
the bare soil during the July storm, when the ground was dry, 
was much greater than during the May storm, when the soil was 
practically saturated, is explained by a consideration of the in- 
tensities of the precipitation during the two storms, the intensi- 
ties during hhe July storm being much greater than during the 

It will be noticed that in this group, also, the greater number 
of storms occurred during the summer and fall months. Of the 
fourteen two-day storms, twelve occurred during the months of 
May to November, inclusive. Only two, the storms of March 26 
and 27, 1916, and April 9 and 10, 1919, occurred during the 
months of December to April, inclusive. These two storms oc- 
curred when the upper foot of soil was practically saturated. 
During the March storm, the greater of the two, the rainfall 
was 1.77 inches; the runoff, 0.01 of an inch, or about 0.6 per 
cent of the rainfall, in the case of the sod, and 0.28 of an inch, 
or  about 16 per cent of the rainfall, in the case of the bare soil ; 
the retention 1.76 inches, o r  practically the  entire rainfall, in 
the  case of t he  sod, and 1.49 inches, or  about 84 per  cent  of 
the rainfall, in the  case of the  bare soil. 

May storm. t 

Three-day Storms 

In  studying the three-day storms it will be noticed that the 
maximum values of the various quantities were distributed 
among four of the seven storms. The maximum values of rain- 
fall, of runoff from the bare soil, of ratio of runoff to rainfall 
for the bare soil, and of retention for the sod, occurred during 
the storm of July 22 to 24, 1918. This storm was the one which 
gave the maximum two-day values. For the three-day period thc 
rainfall amounted to 3.68 inches, a value greater than either of 
the storms included in the four-day group; the runoff, to 0.07 of 
an inch, or  about 2 per cent of the rainfall, in  the case of the sod, 
and to 2.33 inches, or about 63 per cent of the rainfall, in the 
case of the bare soil; and the retention to 3.61 inches, or about 
98 per cent of the rainfall, in the case of the sod, and to 1.35 
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inches, o r  about 37 per cent of the rainfall in the case of the bare 
soil. The maximum absolute value of the runoff from the sod 
occurred during the storm of August 4 to 6, 1916, amounting to 
0.12 of an  inch, or  about 3.4 per cent of the rainfall. This storm 
occurred when the soil was dryer than a t  any other time during 
the four and a half years covered by the data. The maximum 
value of the ratio of the runoff to the rainfall for the sod oc- 
curred during the storm of January 10 to 12, 1916, amounting 

The maximum value of the retention for the 
bare soil occurred during the storm of March 15 to 17, 1919, 
amounting to 2.75 inches, or  to practically the entire rainfall. 
The comparatively small amount of runoff during this storm, 
only 0.06 of an inch, was due to the comparatively low rates of 
precipitation, see figure 10. Although the ground was practically 
saturated a t  the time, the intensities of precipitation were so 
low that the water could percolate through the surface soil into 
the sand and gravel as  fast  as  i t  fell. 

Only two of the seven storms included in this group fell dur- 
ing the months of December to April, inclusive, these two being 
the storms of January, 1916, and March, 1919, mentioned above. 
Of the remaining five, three were in May, one in July, and one 

Four-day Storms 

These are 
the storms of August 4 to 7, 1916, and March 15 t o  18, 1919, the 
three-day periods of which were discussed above. The retention 
for the bare soil during the March storm, 2.88 inches, or about 
58 per cent of the rainfall, is the only quantity in this grouy 
which was not exceeded during some one of the preceding one, 
two, or  three-day storms. 

. 

a to 3.6 per cent. 

in August. / 

Only two four-day storms appear in the table. 

Five-day Storms 

The only storm appearing in this group is the storm of Au- 
gust 4 to 8, 1916, the three and four-day periods of which are 
also included in the table. The total rainfall for  the five-day 
period amounted to 4.56 inches. The total runoff, however, 
amounted to only 0.13 inches, or to about 3 per cent of the rain- 
fall, in the case of the sod; and to only 1.28 inches, o r  to about 
28 per cent of the rainfall in the case of the bare soil. The run- 
off was comparatively small due to the comparatively low rates 
of rainfall and due to the fact that  the soil was unusually dry. 
T h e f l s t i o n  amounted to 4.43 inches, or  about 97 per cent of 
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Year 
Ending 

September 30 

the rainfall, in the case of the sod;.and to 3.28 inches, o r  about 
72 per cent of the rainfall, in the case.of the bare soil. 

Total Surface Runoff Ratio of  Surface Runoff 
in Inches Total to Rainfall, in per cent 

Rainfall 
in Inches 

Sod I Bare Sod 1 Bare I Average 

ANNUAL SURFACE RUNOFF 

Table 14 contains the total precipitation, the total surface 
runoff from each type of surface cover, and the ratio of surface 
runoff to rainfall, for each year for which records are available. 
Maximum and minimum values are indicated as in preceding 
tables. Averages of the various quantities are given a t  the bot- 
tom of the table, although the four-year record is, of course, 
too short to give reliable averages. The quantities were calcu- 
lated for the year ending September 30, in each case, since that 
is the year generally used in tabulating stream flow record's in 
this part of the United States. 

An examination of table 14 shows that the minimum values 
of annual surface runoff occurred in the year ending September 
30, 1919, amounting to 0.40 inches for the sod and to 5.64 inches 
for the bare soil; and that the maximum values occurred in the 

Table 14.-Annual Surface. Runoff and Rainfall at Moraine Park 

1916 . . . . . . . . . . . . .  .85 6 . 5 2  44.72 1 . 9  1 4 . 6  8 . 2  
1917 . . . . . . . . . . . . .  9 . 1 5  37.59 2 . 3  2 4 . 4  1 3 . 4  
1918 . . . . . . . . . . . . .  1 2::; 11;:2?: 1 3 8 . 2 7  1 ;:: I :::! I 2::; I 
1919 . . . . . . . . . . . . .  35.77 

I Average.. . . . . . .  < . . I  1 . 2 4  I 8.58 1 3 4  09 I 3 . 2  I '22.2 I 1 2 . 7  I 
preceding year, amounting to 2.82 inclies for the sod and to 12.99 
inches for the bare soil. The average value of the ratio of runoff 
to rainfall for the two types of surface covering was 8.4 per cent 
in 1919 and 20.7 per cent in 1918. A value of 8. 2 per cent, or 
0.2 of a per cent less than the 1919 value, occurred in 1916. The 
average for the four years was 12.7 per cent. The average an- 
nual surface runoff was 1.24 inches for the sod and 8.58 inches 
for the bare soil, averaging 4.91 inches. The average annual 
rainfall for the four years was 39.09 inches or slightly more than 
the mean annual value of 38.14 inches determined for the Day- 
ton station from a 36-year record. 

If it is assumed that the average annual runoff from the 
Moraine Park areas, including the ground water flow .a;;y$l as 

. - 
I \ * _  
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the surface runoff, is one-third of the average annual rainfa!!, 
or  13.0 inches, an  assumption. which will be corroborated in a 
later chapter, the average annual value of the ground water flow, 
o r  percolation, for the two types of surface cover, is found to be 
about 8.1 inches. That is, the annual surface runoff is about 
12.5 per cent, and the annual percolation, about 20.7 per cent 
of the annual rainfall. 

SUMMARY 
The principal conclusions reached from the studies of the 

Moraine Park experiments may be summarized as follows: 
1. That the surface soil, which extends only to a depth of 

about 2 feet, weighs about 100 pounds per cubic foot, in place, 

2. That the soil when saturated contains a n  amount of mois- 
ture equal to  about 41 per cent of the volume, o r  about 25 per 
cent of the dry weight of the soil. 

3. That during the dryest times of the summer the 2-f0,ot 
depth of soil never contains less than from 3 t o  4 per cent of 
moisture, by weight. 

4. That the moisture holding capacity of the 2-foot layer of 
soil is about 21 per cent by weight. 

5. That the soil is generally dryest in the late summer or  
early fall, during the months of July, August, o r  September ; and 
wettest in the late winter or  early spring, during the months of 
January, February, or  March. 

6. That the amount of moisture in the soil gradually in- 
creases in the fall, during the months of October, November, and 
December; that  i t  does not change much during the winter 
months, even in the absence of rainfall; and that  it begins to 
diminish appreciably in the spring, during the months of April 
or May. 

7. That the upper 2 feet of soil seldom, if ever, becomes filled 
with capillary water during the months of June, July, o r  August, 
even though the rainfall is considerably greater than normal. 

8. That variations in the amount of soil moisture for  short 
periods of time are  much greater in the summer than in the 
winter. 

9. That during the summer, rates of evaporation from bare 
soil and of transpiration and evaporation from sod surfaces, may 
be as  great as a half an inch per day for periods as  long as  five 
days. 

10. That during the months of January and February soil 

I when dry. 
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evaporation, under the most favorable conditions, does not 
amount to  more than from 0.02 to 0.05 of an  inch per day. 

11. That the average rate of evaporation from snow sirfaces 
during the period from December 3, 1917, to February 11, 1918, 
was about 0.023 inches per day. 

12. That the actual amount of moisture in the upper 2 feet 
of soil is equivalent to a depth of about 1.5 inches when the soil 
is dryest, and to a depth of about 8 inches when the soil con, 
tains the maximum amount of capillary water, the difference 
in the two amounts being about 6.5 inches. 

13. That the difference between the amount of water in the 
upper 2 feet during the ordinary dry periods of the summer and 
the amount present during the winter is about 5 inches. 

14. That the amount of water absorbed by the upper 2 feet 
during individual storms was greatest during the storm of Au- 
gust 4 t o  8, 1916, amounting to about 4.0 inches, the total pre- 
cipitation being 4.56 inches. 

15. That the amount of water absorbed by the-upper 2 feet 
during a given storm is greater under sod surfaces than under 
bare soil surfaces. 

16. That for extremely small areas, such as  the Moraine Park 
plats, the occurrence and amount of runoff a re  affected much 
less by surface slope than by surface cover. 

17. That appreciable surface runoff frequently occurs during 
intense summer storms when the upper 6 inches of soil are not 
nearly saturated. n 

18. That surface runoff does not occur during some less in- 
tense storms even though the ground is saturated. 

19. That water can percolate through the 2-foot layer of sur- 
face soil on the bare soil plats a t  Moraine Park, when the ground 
is saturated but not frozen, a t  a rate as great as  0. 25 of an inch 
per hour. 

20. That water can be absorbed by the bare soil a t  times 
when the soil is unusually dry, a t  a rate as  great as  1.00 inch per 
hour for intervals as long as 30 minutes. 

21. That water cannot be absorbed by the bare soil a t  any 
time, no matter how dry i t  is, a t  a rate as  great as 3.00 inches 
per hour for periods as  long as 5 minutes. 

22. That the maximum values of the retention during sum- 
mer storms covering periods of 1, 2, 3, 4, and 5 days amounted 
to 4.10, 3.04, 3.61, 3.51, and 4.43 inches, respectively, in the.case 

. 
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of the sod plats, and to 2.34, 1.90, 2.25, 2.37, and 3.28 inches, 
respectively, in the case of the bare soil plats. 

23.” That similar values for winter storms for periods of 1, 
2, 3, and 4 days amounted to 2.04, 1.76, 2.79, and 2.92 inches, 
respectively, in the case of the sod plats, and to 1.32, 1.49, 2.75, 
and 2.88<inches, respectively, in the case of the bare soil plats. 
However the values of retention for the winter storms are  not 
directly comparable with those for the summer storms owing to 
differences in precipitation. 

24. That the annual surface runoff a t  Moraine Park amounts 
to about one-eighth of the rainfall and that the annual percola- 
tion amounts to about one-fifth of the rainfall. 

c 

P 



CHAPTER 1V.-SPRINKLING EXPERIMENTS 

In the summer of 1920 experiments on rainfall and runoff 
were undertaken in which rainfall effects were produced artifi- 
cially by sprinkling. The work was begun a t  the Moraine Park 
plats with the object of developing a method by which rainfall 
and runoff relations could be determined for a given watershed, 
without waiting the comparatively long time required for the 
accumulation of sufficient records from natural rainfall. This 
object was accomplished in the first  experiments. It was found 
that the sprinkling method was practicable and that the re- 

d sults obtained agreed with the data previously collected. It was . ’ 
then decided to continue the experiments at Moraine Park and 
also to conld’uct similar experiments a t  other places in the Miami 
Valley where different soil conditions existed. The object of 
continuing the experiments was to secure data on runoff and 
retention during unusually heavy rainstorms,* such as  those for 
which the Miami Valley flood prevention works are designed ; 
and also to  secure data for use in studying the general relations 
between rainfall and runoff. 

DESCRIPTION OF PLATS 

The Moraine Park plats have been fully described in the pre- . 
ceding chapter. Four additional plats were established at the 
Taylorsville Dam; two in the bottom of the valley, where the 
surface soil is a rich black alluvial deposit underlaid by glacial 
till, and two on the top of the hill near the west end of the Dam, 
where the surface soil is a compact yellow clay till. Two plats 
were established a t  each place so that two experiments could be 
run without waiting for the soil to dry out. The plats on the hill 
were located in an  alfalfa field where the growth was compara- 
tively thin. Those in the valley were located near the commis- 
sary gardens where a rather heavy growth of weeds had just 
been removed and where the soil had not been cultivated for a . 

year or  more. 
The black soil in the valley extends to a depth of about two 

feet. For depths of from two to about eight feet the material 
is a yellow clay till somewhat similar to that on the hill. Below 
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a depth of eight feet the material is almost entirely sand and 
gravel. At the hill plats the yellow till extends to depths of 
twenty-five feet or more, and varies but little a t  the different 
depths: Some humus is present in the surface foot a t  each lo- 

1 , 1 . 0  , 0 . 8  1 . 8  
' 2  1 . 5  1 . 2  3 .1  

' 3 '. 2 . 0  0 . 8  1 .8  
4 2 . 5  0 . 0  1 . 3  
5 3 . 0  0 . 0  0 . 0  
6 3 . 5  0 . 0  0 . 6  
.7 4 . 0  0 . 0  0 . 8  
8 4 . 5  1 . 9  6 . 1  
9 5 .0  .1.6 3 . 2  

10 5 . 5  7 . 0  11 .2  

Table 15.-Mechanical Analyses of Taylorsville Soils Made by Bureau of Soils, 
U. S. Department of Agriculture 

2 . 0  6 . 3  
2 . 3  13 .6  
1 . 6  9 . 6  
1 . 1  8 . 0  
1 . 5  6 . 7  
0 .7  9 . 2  
1 . 7  20.5 
3 . 5  20 .6  
2 . 1  16 .4  
2 . 5  9 . 3  

Depth Percentages of Soil particles of fallowing diameters in mm. 
Sample below I Number 1 SUIII~ 1 2-1 I 1-0.5 1 0.5-0.25 10.25-0.10 10.10-0.05 10.05-0.0051 0.005-0 

1 3 . 5  50.0 
9 . 6  1 45 .7  
9 . 8  50 .4  

25 .9  
24.4 

8 . 6  
8 . 8  

10 .8  
13.8 
14 .9  
1 1 . 2  
13 .2  

4 . 0  3 . 5  6 . 2  
4 . 5  I t . :  I 7 . 0  
5 .0  6.4 

56 .2  
60.0 
66.4 
42.2 
32 .0  
33 .0  
33 .7  

1.1 
1 . 9  
2 . 2  
2 . 5  
3 . 5  
3 . 6  
3 . 6  
3 . 4  
3 . 7  
3 . 5  

8 . 3  
9 . 5  

1 3 . 5  
1 4 . 2  
1 5 . 3  
14 .3  
1 4 . 6  
13 .8  
1 4 . 6  
15 .3  

7 . 0  
11 .4  
1 4 . 5  
12 .2  
13.3 
1 3 . 3  
13 .2  
13.9 
14.0 
13 .8  - 

50.. 2 
38.0 
34 .2  
38.2 
38.0 
42.3 
39 .4  
39 .1  
39.2 
33 .2  

1 . 5  I 0 . 8  
2 . 0  1 . 8  

2 . 8  
2 . 5  

3 . 5  3 .1  

3 . 0  
4 . 4  
7 . 1  
6 . 1  
6 . 2  

26.0 
24.9 
23.0 
22.2 
21.1 
20.9 
27.4 
23 .0  

31.5 
35.0 
31 .8  
26.9 
19 .9  
18 .2  
20.2 
20.5 
17.0 
1 9 . 5  

cation. Table 15 gives the results of soil analyses made by the 
Bureau of Soils, U. S. Department of Agriculture. 

In the valley the ground surface is practically level, the slopes 
being only great enough to cause the water to drain toward the 
tile outlets. On the hill the surface slopes toward the outlets at a 
rate of about 0.5 feet in 10 feet. 

Figure 11 shows the valley plats and figure 12 shows the hill 
plats, plats being numbered consecutively for convenience in the 
following discussions. Each plat is 5 feet square, as a t  Moraine 
Park. It will be noticed that some vegetation is present in plat 
1, in the valley, and in both plats on the hill. Plat 2, in the val- 
ley, was spaded to a depth of about 6 inches and then raked so 
as to correspond to a corn field after planting and dragging. 

The plats were separated from the adjacent land by galvan- 
ized sheet iron boundaries extending about 4 inches above the 
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ground and about 20 inches below. The corners were soIdered 
so as to be water-tight. In setting the boundaries care was taken 
not to disturb the areas within the plats, the trenches being dug 
entirely on the outside of the plats and with vertical smooth walls 
on the sides where the sheet iron was to be set. After setting the 
boundaries to the required depth the trenches were carefully 
backfilled and puddled so as to be’as nearly water-tight as pos- 
sible. 

Tanks to catch the runoff were set between the plats at each 
location, as shown in the figures, and were connected to the plats 
by 3-inch sewer pipe. Care was taken to obtain water-tight 
joints where the pipe pass through the boundaries. One tank 
was sufficient for both plats in each case, since only one plat was 
to be experimented on at a time. The tanks were provided with 
covers so that they could be kept covered when experiments were 
not being made. 

METHODS OF EXPERIMENTATION 

Water was applied with the two garden sprinkling cans 
shown in figure 11, in all experiments except the first, when only 
one can was available. 
well as in size and number of nozzle openings. In running the 
experiments they were filled to marks previously located, at which 
the capacity of the can is equivalent to a depth of 0.20 of an inch 
over one of the plats. The cans were marked “A” and “B” for 
convenience in recording the data. The amount of precipitation 
was determined by recording the number of cans applied, and 
the rate of precipitation was obtained by recording the time re- 
quired to empty them. Different rates of precipitation were 
obtained by plugging different numbers of nozzle openings. 

The amount of runoff was determined by measuring the 
depth of water in the tank, and the rate of runoff was obtained 
by noting the time required for the tank to fill to the different 
depths. The gage used in measuring the depths is shown in fig- 
ure 11. It was made by fastening two rain gage measuring 
sticks on to a small rod. Depths were measured to the nearest 
tenth of an inch and observations were made every three or four 
minutes. 

In running experiments one man sprinkled while another 
filled the empty can, measured depths in the tank, and recorded 
the necessary data. The general procedure was to  apply water 
at a constant rate until the surface became saturated, and then 

The cans are identical in capacity as.  
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to vary the rate of application through a range corresponding to 
actual rainfall conditions. The plat was then allowed to dry out 
to its original condition before a second experiment was run. 

A split-second stop watch was used in determining time. Al- 
though it  gave a little greater precision than was necessary, i t  
was more convenient to use than an ordinary watch. Times were 
observed and recorded to the nearest second. 

Soil samples, for determining the amount of moisture in the 
ground when the experiments were started, were taken from 
places just outside the plats. Samples were not taken after the 
experiments were finished since it would have been necessary to 
take them from within the plats. It was desired to keep the soil 
within the plats undisturbed so that subsequent experiments 
could be made with similar soil conditions. Experiments were 
not repeated on a given plat until a sufficient time had elapsed 
for the moisture content of the soil within the plat to become 
equal to that of the soil just outside. 

In addition to the rainfall and runoff experiments conducted 
on the plats, a few supplementary experiments were made on 
areas lying near the plats, for the purpose of determining how 
long different rates of rainfall must continue before runoff be- 
gins. These experiments were made by marking off areas 
similar in size and in surface characteristics to. the areas within 
the plats and then sprinkling them a t  different rates until runoff 
began. The time elapsing between the beginning of the sprink- 
ling and the beginning of the runoff was observed for each rate 
of application. 

RESULTS OF EXPERIMENTS 

The results of the different experiments are given in tables 
16 to 19, inclusive. Tables 16 anla 17 give the rainfall, retention, 
and runoff data obtained a t  the Moraine Park and Taylorsville 
plats, respectively, arranged by runs; table 18 gives the total 
rainfall, runoff, and retention for the various experiments; and 
table 19 gives the data on the conditions necessary for runoff to 
begin, obtained during a few special runs made at various loca- 
tions. 

In tables 16 and 17 the total sprinkling time i n  hours; the 
total rainfall, retention, and runoff, in inches; and the average 
rates of rainfall, retention, and runoff, in inches per hour, are 
given for the various runs in which the experiments were con- 
ducted. The total quantities for each experiment, or series of 
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runs, are given immediately following the last run of the series. 
Columns are also included giving the experiment number, the 
run number, the date, the time between successive runs on the 
same day, or on consecutive days, in hours and minutes, the 
ratio of total runoff to total rainfall in per cent, the average 
rate of sprinkling in inches per hour before runoff began, the 
time in minutes before runoff began, the total precipitation be- 
fore runoff began, and the condition of the plats when the exper- 
iments were started. 

For runs 1 to 8, inclusive, and runs 23 and 24, given in table 
16, where the water was applied with one sprinkling can, the 
time of sprinkling is the net time, not including the intervals re- 
quired to fill the can. The rate of runoff was computed by using 
the total net time in which runoff occurred, and the rate of reten- 
tion was obtained by assuming the time in which the retention 
took place to be the same as the total sprinkling time. Con- 
sequently the differences between the rates of precipitation and 
runoff are  not exactly equal to the rates of retention. It might 
have been better to have computed the rates of runoff and re- 
tention in a slightly different manner but since these experiments 
were more or less of a’preliminary nature the data has not been 
recalculated. 

The sprinkling was continuous during all of the remaining 
runs of table 16 and during all runs of table 17. For these runs 
slightly different methods of compilation were used. In calcu- 
lating the average rate of runoff for a given run the short pe- 
riods of time a t  the beginning and ending of the run, in which 
the rate of runoff was changing greatly, were not considered. 
The rate of retention was obtained by simply subtracting the 
rate of runoff from the rate of rainfall. 

In all instances the total time given for a certain experiment, 
or series of runs, is the actual time from the beginning of the 
first run to the end of the last run, including nights as  well as 
other intervening periods, rather than the total of the sprinkling 
times for the runs included in the experiment. For runs 1 to 8, 
inclusive, in table 16, a second set of totals is given, in which are 
included the actual rainfall and runoff quantities which occurred . 
during the evening of June 2. 

In  table 18 the total quantities for the different experiments 
are  brought together so that they may be studied collectively. 
The total time from the beginning of the first run to the end of 
the last run in hours, the total sprinkling time in hours, the total 
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rainfall, retention, and runoff, in inches, the ratio of total run- 
off to total rainfall in per cent, and the rate of retention during 
the last run in inches per hour, are given for each experiment, 
experiments being arranged chronologically and numbered con- 
s ecu t ivel y. 

In table 19 the average rate of sprinkling in inches per hour, 
the time in minutes, and the total precipitation in inches, be- 
fore runoff began, are given for the special runs made in order 
to  study the conditions causing runoff to begin. Run numbers, 
dates, locations, and surface conditions are also noted. 

Figures 13 to 21, inclusive, show graphically the data ob- 
tained in the various experiments. Figures 13 to 15 show the 
results obtained on the bare soil plats at Moraine Park, and fig- 
ures 16 to 21 show those obtained on the Taylorsville plats. The 
data secured on the sod plat a t  Moraine Park is so unusual, as 
will be explained later, that it  has not been piatted. The rain- 
fall, retention, and runoff are shown by means of mass curves, 
separate curves being drawn for each day's observations. The 
rates of rainfall, retention, and runoff are, of course, shown by 
the slopes of the lines. The various runs are numbered, as in 
tables 16,and 17. Intervals between runs made on the same 
day are indicated by the horizontal portions of the curves. The 
comparatively steep parts of the retention curves at the begin- 
nings of the runs, and also the small peaks or humps near the 
ends of the runs, are due to surface storage. 

RAINFALL, RETENTION, AND RUNOFF 

Reference to table 18 shows that with one or two exceptions 
the total quantities of water applied in the various experiments 
werelarger than any actual rainfalls on record in, or near, the 
Miami Valley. With the exception of experiments 1, 2, and 11,- 
the rainfall varied from 12.00 inches in about 5 hours to 17.83 
inches in about 30 hours; the total runoff, from 7.95 to 13.70 
inches; and the total retention, from 2.10 to 9.88 inches. In 
experiment 1 the total rainfall was 8.70 inches in about 2 days. ' 
Experiment 2 was run on the level sod plat at Moraine Park 
where the soil conditions were unusual. In experiment 11 the 
rate of application was purposely kept low in order to study the 
retention for less intense storms. 

As noted in tables 16 and 17 the soil in all instances, was 
comparatively dry when the experiments were started. The 
ground a t  Taylorsville was a little drier in October, when experi- 

. ._I._ 1%. 
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0 50 /oo 150 200 250 , 
Tine in Minufes 

FIG. 13.-EXPERIMENT 1, MADE ON THE LEVEL BARE SOIL PLAT 
AT MORAINE PARK, JUNE 1 TO 3, 1920. 

The curves show the total rainfall, runoff, and retention up to any instant. 
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FIG. 14.-EXPERIMENT 3, MADE ON THE LEVEL BARE SOIL PLAT 
AT MORAINE PARK, JULY 22 TO 23, 1920. 

The curves show the total rainfall, runoff, and retention up to  any instant. 



109 RAINFALL AND RUNOFF 

FIG. 15.-EXPERIMENT 4, MADE ON THE SLOPING BARE SOIL 
PLAT AT MORAINE PARK, JULY 28 TO 29, 1920. 

The curves show the total rainfall, runoff, and retention up to any instant. 
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FIG. 16.-EXPERIMENT 5, MADE ON P-LAT 1 AT THE TAYLORS- 

VILLE DAM, AUGUST 9 TO 10, 1920. 
The curves show the total rainfall, runoff, and retention up to any instant. 
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FIG. 17.-EXPERIMENT 6, MADE ON PLAT , 2  AT THE TAYLORS- 
VILLE DAM, AUGUST 11 TO 12, 1920. 

The curves show the total rainfall, runoff, and retention up to any instant. 
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300 350 400 

FIG. 18,EXPERIMENT 7, MADE ON PLAT 3 AT THE TAYLORS- 
VILLE DAM, AUGUST 16 TO 17, 1920. 

The curves show the total rainfall, runoff, and: retention up to any instant. 
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FIG. 19.-EXPERIMENT 8, MADE ON PLAT 4 AT THE TAYLORS- 
VILLE DAM, AUGUST 18 .TO 19, 1920. 

The curves show the total rainfall, runoff, and retention up to any instant. 
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FIG. 20.-EXPERIMENT 9, MADE ON PLAT 1 AT THE TAYLORS- 
VILLE DAM, OCTOBER 19, 1920. 

The curves show the total rainfall, runoff, and retention up to any instant. . 
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FIG. 21.-EXPERIMENTS 10 AND 11, MADE ON PLATS 4 AND 3 AT 
THE TAYLORSVILLE DAM, OCTOBER 21 AND 22, 1920. 

The curves show the total rainfall, runoff, and retention up to any instant. 
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ments 9, 10, and 11 were made, than i t  was when the earlier ex- 
periments were begun. Consequently the data in table 18 is 
comparable with conditions occurring during intense summer 
thunderstorms, or cioudbursts, rather than to those existing dur- 
ing large winter storms. 

It is interesting to note that although the total precipitation 
was unusually large in practically all of the experiments, the 
rates of retention when the experiments were finished were 
still comparatively large. This would indicate that the soil was 
capable of taking up considerable additional moisture. The 
lowest rate of retention given in table 18, 0.09 inches per hour 
on the level bare soil plat a t  Moraine Park, would correspond to 
a total absorption of 0.90 inches in 10 hours or 2.16 inches in 
24 hours if continued for such periods of time. It should be 
noted that these rates of retention are  lower, in most instances, 
than they would have been if the rates of precipitation had been 
higher, since i t  will be shown later that the rat$of retention 
generally increases somewhat, if only slightly, as the rate of 
precipitation increases. 

The values of retention include soil absorption, percolation, 
and evaporation. Since the experiments were run on compara- 
tively warm summer days when some wind was blowing, i t  is 
possible that the evaporation may have amounted to as much as 
0.05 of an inch an hour in certain instances, although it  is not 
believed that i t  ever could have exceeded this appreciably. At 
Moraine Park, owing to the shallow surface soil, retention must 
have been mostly percolation after the first run of each exper- 
iment. 

' 

~ 

Moraine Park Sod 
Experiment 2, made on the level sod plat at Moraine Park, 

shows an unusually large retention. Of the total precipitation, 
11.66 inches in 1.09 hours, only 1.29 inches ran off, leaving a 
retention of 10.37 inches. By referring to table 16 i t  will be 
seen that a rate of precipitation of 4.17 inches per hour was ap- 
plied for 30 minutes with no runoff whatever; that a rate of 
14.4 inches per hour was then applied for 12.2 minutes before 
runoff began ; that this rate was continued for about 13 minutes, 
obtaining an average rate of runoff of only 0.4 inches per hour ; 
and that a rate of 20.4 inches per hour was then applied for about 
10 minutes, causing a rate of runoff of only 7.4 inches per hour, 
or less than half of the rate of application. In the last run the 
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water was applied with a garden hose, the rate being determined 
by tank measurements immediately before and after the run. 
In the first  two runs the sprinkling was somewhat intermittent, 
since only one sprinkling can was available. The times given 
above are  the net sprinkling times, not including the intervals 
during' which the can was being filled. 

These extremely unusual results are  due to the unusual soil 
conditions existing at  this plat. As explained in chapter I11 the 
soil is loose and is filled with roots down to the depth where the 
material is mostly sand and gravel. Consequently the water can 
percolate downward at very great rates. 

The data obtained by sprinkling agrees with the natural rain- 
fall and runoff records given in the preceding chapter. It was 
there shown that runoff on this plat occurred very infrequently; 
and that when it  did occur i t  was generally due to melting snow 
or to rain at times when the ground surface was frozen. 

Moraine Park Bare Soil 

Experiments 1, 3, and 4 were made on the bare soil plats at 
Moraine Park, numbers 1 and 3 being made on the level plat and 
number 4 on the sloping plat. The'soil in the sloping plat when 
.experiment 4 was begun was in about the same condition as the 

It was 
comparatively dry and loose in both cases. When experiment 
3 was started, however, the soil in plat 1, although dry, was hard 
and packed, and consequently in a much more impervious condi- 
tion. This was caused by the trampling of a herd of cattle which 
was turned into the field in which the plats are  located, imme- 
4diately after experiment 1 was made, while the soil was still in 
a saturated condition. The sprinkling was intermittent during 
experiment 1 due to only one can being available, but was con- 
tinuous during experiments 3 and 4. 

By referring to table 18 i t  will be seen that the total reten- 
tion during experiment 1 was considerably greater than the to- 
tal during experiment 3, .although the quantity of water applied 
in the latter instance was about 70 per cent greater than in the 
former. This, of course, would be expected due to the differ- 
ence in soil conditions and in sprinkling methods. For experi- 
ment 4 the retention was 4.73 inches or only slightly more than 
f o r  'experiment 1, although the total precipitation was practi- 
cally twice as great. The relatively smaller retention during ex- 

' soil in the level plat when experiment 1 was started. 
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periment 4 was due to the slope of the ground as well as to the 
difference in sprinkling methods. 

The total runoff was 4.44 inches, or about 51 per cent of the 
total rainfall, during experiment 1; 12.30 inches, or about 83 
per cent of the total rainfall, during experiment 3;  and 12.07 
inches, or about 72 per cent of the rainfall, during experiment 4. 

Taylorsville Plats 

Experiments 5 to 11, inclusive, were run on the plats a t  Tay- 
lorsville; numbers 5 and 9 on plat 1, number 6 on plat 2, num- 
bers 7 and 11 on plat 3, and numbers 8 and 10 on plat 4. Plat 
2 was spaded and raked before experiment 6 was begun, as pre- 
viously noted. The other plats were in their natural condition. 
Sprinkling was continuous during all experiments. 

Experiments 5 to 8, inclusive, were practically the same as 
regards time of sprinkling and total quantity of water applied, 
except that  the total precipitation during number 6 was from 2 
to 3 inches greater than during the others. Experiments 9 and 
10 were similar, each being run in about the same time and a t  
about the same rainfall intensity. Experiment 11 was run in 
about the same time as numbers 9 and 10 but the water was ap- 
plied at a less intense rate. 

Reference to experiments 5 to 8, inclusive, in table 18 shows 
that the retention on plat 2, in experiment 6, where the soil had 
been loosened, was more than twice as great as on plat 1, in ex- 
periment 5, where the soil was similar in composition and tex- 
ture but had not been spaded; and about four times as great as 
on plats 3 and 4, experiments 7 and 8, where the soil was mostly 
clay and had not been loosened. The total retention on plat 2 
was 9.88 inches or about 55 per cent of the rainfall; as against 
4.15 inches or about 28 per cent of the rainfall, on plat 1, and 
about 2.45 inches o r  about 16 per cent of the rainfall, on plats 
3 and 4. The total runoff amounted to 7.95 inches or about 45 
per cent of the rainfall in experiment 6 ; to 10.65 inches or about 
72 per cent of the rainfall in experiment 5 ;  and to about 13.15 
inches or about 84 per cent of the rainfall in experiments 7 and 8. 

In experiment 9, made on plat 1 in October when the soil was 
slightly drier than in August, the retention amounted to 3.35 
inches, or about 28 per cent of the precipitation. During runs 
1 to 3 of experiment 5, which are comparable with experiment 
9, the retention amounted to 2.30 inches or about 23 per cent 

' 

' 

. 

of the rainfall. Experiments 10 and 11 also show greater values 
, _  ..%.:tz .&y. ;j 
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of retention than were obtained in the parts of experiments 8 
and 7 which are comparable. It is interesting to note that the 
retention during experiment 11 was slightly greater than during 
experiment 10 although the total precipitation in the latter was 
twice as great. This is due to the slightly greater sprinkling 
time during experiment 11. The rate of retention for plats 3 
and 4 varies only siightly with the rate of rainfall, as will be 
shown later. Conditions during experiments 10 and 11 are 
shown in figure 21. 

RAINFALL AND RUNOFF RATES ON 
SATURATED SOILS 

The data in tables 16 and 17 is essentially data on rainfall, re- 
tention, and runoff on saturated soils. Although the soil was 
comparatively dry when the experiments were started in all 
cases, it  soon became saturated to  such asdepth that runoff be- 
gan. By the end of the first run the soil wasgenerally saturated 
to  such a depth that the rate of runoff caused by a given rate of 
precipitation was practically constant. This was true for all 
experiments except number 2, made on the sod plat a t  Moraine 
Park, where the soil conditions were unusual, as previously men- 
tioned; and numbers 10 and 11, made on the hill plats a t  Tay- 
lorsville, in October, when the soil was somewhat drier than in 
the earlier experiments. At Taylorsville, the actual depths of 
saturation probably varied somewhat during the later runs of 
the other experiments, increasing as the work progressed,. How- 
ever, these variations may, for the present, be neglected. At 
Moraine Park the sand and gravel deposits, underlying the 2- 
foot layer of surface soil, afforded ready drainage and thus 
prevented the extension of saturated conditions below this depth. 

Moraine Park Bare Soil 

The rates of rainfall, retention, and runoff for the bare soil 
plats a t  Moraine Park, given in table 16, are  shown graphically 
in figure 22, rates of rainfall being platted as ordinates against 
rates of runoff as abscissas. The rates of retention are  repre- 
sented by the horizontal or vertical distances from the platted 
points to the 45" line, curve D, drawn through the origin. This 
45" line represents the limiting conditions of runoff. A point 
would fall on this line only when the runoff rate was equal to the 
rainfall rate. Points representing runs where the soil was not 

&2:.6 
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saturated have been identified by placing: near them the run 
numbers. Other points have not been numbered. 

Rate o f  Runoff h/nches per Hour 

.FIG. 22.-RATES OF RAINFALL AND RUNOFF ON BARE SOIL PLATS 
AT MORAINE PARK. 

Experiments 
1 and 3 were made on the level plat and experiment 4 on the sloping plat. 
Curve D is a 45 degree line. 

For each experiment a line has been drawn so as to balance all 
points except those where the soil was not saturated. Conse- 
quently these lines show the variations in the rate of runoff 
caused by variations in the rate of rainfall, during the summer 
and fall, after the soil has become saturated by a fairly heavy 
and intense precipitation. 

Variations in the rate of retention due to variations in the 
rate of rainfall are shown by the differences between the lines 

Runs in which the soil was not saturated are numbered. 

I;>.;\ .- 
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representing the observations and the 45" line. Differences in 
the relation between rainfall and runoff for saturated soils due 
to variations in soil texture and in surface conditions are shown 
by the differences in the slope and in the location of curves A, 

Curve A averages the various runs of experiment 1, made 
on the level plat, curve B averages those of experiment 3, also 
made on the level plat, and curve C averages those of experiment 
4, made on the sloping plat. It will be noticed that the rates 
of runoff corresponding to given rates of rainfall were consider- 
ably lower in experiment 1 than they were in experiment 3, due 
to the different method of sprinkling as well as to the different 
condition of the soil.; also that they were considerably lower in 
experiment 1 than they were in experiment 4, due to the differ- 
ent method of sprinkling and to the different slopes of the sur- 
faces. 

In all three curves the rate of retention increases as the rate 
of rainfall increases. In curves B and C this is due entirely to 
the head caused by the greater depth of water on the ground, 
this increased head producing an appreciable effect because of 
the comparatively shallow depth of the surface soil. While the 
effect of varying head must have been fully as great in curve A 
as in curves B and C, the method of sprinkling and of calculat- 
ing the rates of runoff also had some effect. If the sprinkling 
had been continuous in experiment 1, or if it  had been possible to 
eliminate surface storage effects in caIculating the rates of run- 
off, curve A would probably have fallen in some position inter- 
mediate between its present position and that of curve B, as 
at A'. 

Probably the most interesting thing brought out by figure 22 
is that the relation between rates of rainfall and runoff may be 
represented by straight lines; that is, that the relation repre- 
sented by any one of these" lines may be expressed by the straight 
line equation 

Y = . s x + ~  
where y is the rate of rainfall, z is the rate of runoff, b is the 
intercept on the y axis, and s is the slope of the line. 

It will be noticed that the value of b is about 0.20 inches per 
hour for curve A, 0.05 for  curve B, and 0.24 for curve C. These 
are the rates of precipitation that can be maintained indefinitely 
on the Moraine Park bare soil plats, during the summer and fall 
when the soil is saturated, without any runoff whatever -occur- 12 8 

* B, and C. 

... ... .. 1'. , 



122 M I A M I  CONSERVANCY DISTRICT 

ing; that is, for these rates or lower rates, the water can perco- 
late downward as fast as the rain falls. 

Since the rate of percolation decreases with a decreasing tem- 
perature the value of b may be slightly smaller during the win- 
ter and spring. Allen HaZen,* speaking of friction losses in 
sand and gravel, says “I have found that the friction also varies 
with the temperature, being twice as great at the freezing point 
as at summer heat, both for  coarse and fine sands.” It is possi- 
ble however, that in a shallow surface soil as a t  Moraine Park 
the loosening due to freezing and thawing may counteract to a 
certain extent the effect of the decrease in temperature. 

Since curves A and C represent soil conditions cdmparable 
with those existing when the natural rainfall and runoff data 
was collected, the values of b determined from the sprinkling ex- 
periments furnish a satisfactory check on the conclusion reached 
in the preceding chapter; namely, that water can percolate 
through the surface soil on the bare soil plats, when the ground 
is saturated, at a rate as great as 0.25 of an inch an hour. 

Taylorsville Plats 

Figure 23 shows the Taylorsville data, contained in table 17, 
platted in the same manner as in figure 22. Curve D is the 45” 
line as before. Curve E averages the data taken on plat 1, curve 
F averages that taken on plat 2, and curve G averages that taken 
on plats 3 and 4. The conditions on plats 3 and 4 are practically 
identical, so that i t  is not necessary to draw a line for  each plat. 
In platting the points, however, different symbols were used for 
the two plats, so that the agreement of the data may be seen. 
Sprinkling was continuous during all runs. 

The increased slope of curve F over that of curve E shows 
the increased retention obtained by ‘spading, or loosening, the 
soil. It will be noticed that the rate of retention increases con- 
siderably as the rate of precipitation increases, in the case of 
plat 2 ;  but that i t  is practically constant in the case of plat 1. 
The slightly higher rates of runoff shown by curve G over those 
shown by curve E are due to the slightly greater impermeability 
of the clay soil a t  the hill plats. The rate of retention a t  the 
hill plats is similar to that a t  plat 1, in that i t  increases only 

*Some Physical Properties of Sands and Gravels, by Allen Hazen, 
Massachusetts State Board of Health, Boston, Massachusetts, Twenty-fourth 
Annual. Report, page 553, 1892. 
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slightly with the increasing rate of precipitation. It is compara- 
tively small throughout the range covered by the data. 

Here, also, the relations between rates of rainfall and runoff 
for saturated soil may be shown by straight lines. The value of 
b is seen to be 0.30 inches per hour for curves E and F and about 
0.20 inches per hour for curve G, meaning that precipitation can 

, 

FIG 1. 23.-RATES OF RAINFALL AND RUNOFF AT THE TAYLORS- 
VILLE DAM. 

Runs in which the soil was not saturated are numbered. Note the in- 
Curve D is a 45 degree line. creased retention obtained by spading the soil. 

occur a t  these rates, during the summer and fall when the sur- 
face soil is saturated, without any runoff taking place. It should 
be noted that these values are practically the same as those ob- 
tained at Moraine Park notwithstanding the difference in sub- 
soil. For winter and spring conditions, however, the values of 
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b a t  Taylorsville may be lower than a t  Moraine Park, due to the 
greater depth of saturation and the lack of adequate soil drainage. 

Average Relations 
In figure 24 the various curves of figures 22 and 23 have been 

brought together. Points have not been shown since they would 

I 
4 

I I 

0. / 2 
Rate of Runoff /~ 

4 

FIG. 24.-AVERAGE RELATIONS BETWEEN RATES OF RAINFALL 
AND RUNOFF, SOIL SATURATED. 

The two dotted lines represent the average relations shown by the 
For identification of full lines see figures 22 two groups of full lines. 

and 23. 

only confuse the diagrams. It will be noticed that the lines fall 
into two separate groups; first, curves A and F, and, second, 
curves B, C, E, and G. Curve H has been added to  represent the 
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average relation between rainfall and runoff rates shown by the 
lines of the second group, and curve I has similarly been drawn 
to represent the average relation shown by those of the first 
group. 

The relation shown by curve H may be expressed by the for- 
mula I 

where y is the rate of rainfall and x the rate of runoff, both ex- 
pressed in inches per hour. Since y is the cause and x the effect 
it seems more advantageous to change equation 1 to the form 

jj = 1.07s + 0.20 (1) 

x = 0.93 (y - 0.20) (2) 
It will be noticed that the coefficient of the quantity 

(y - 0.20) is not greatly different from unity; or in other words 
that curve H is nearly parallel to curve D. This means that  the 
rate of retention increases only slowly with an increasing rate of 
precipitation., For  practical. purposes this variation in the rate 
of retention may be neglected. Taking the value of the retention 
as 0.30 inches per hour, a value corresponding to a rate of pre- 
cipitation o f  1.50 inches per hour by curve H, the relation be- 
tween rates of rainfall and runoff may be expressed by the equa- 
tion 

x y - 0.30 (3) 
The line representing equation 3 would be parallel to curve D 

and a constant distance above, equivalent to 0.30 inches per hour. 
Consequently, during the summer and fall when the ground 

is saturated, rates of runoff from soils similar to those represent- 
ed by curves B, C, E, and G may be estimated by simply deduct- 
ing 0.30 inches per hour from the rates of rainfall. 

Curve I, representing the average relation for curves A and 
F, may be expressed by the equation 

or, solving for x ,  

The retention would then be expressed by the equation 

2~ = 1  OX + 0.25 
x = 0.62 (y - 0.25) 

y - x = 0.602 + 0.25 
This time the rate of retention increases appreciably as the 

rate of rainfall increases; and, consequently, i t  will not be ad- 
visable to replace the slope coefficient 1.60 by unity. 

Equations 3, 5, and 6 are applicable during the summer and 
fall, on areas similar to thos? where the experiments were made, 
after the surface soil has. become saturated by a precipitation 
of three or four inches falling in one of two days. The data 

(4) 

(5) 

(6) 
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given in the preceding chapter indicates that  equation 3 is appli- 
cable on the sloping bare soil at Moraine Park during the winter 
and spring after a half an inch or an inch has fallen, although 
it probably will give rates of runoff slightly too low at such times. 
The rates of percolation during the winter and spring on plats 
1, 3, and 4 at Taylorsville, after an, inch has fallen, may differ 
somewhat from the 0.30 of an inch an hour shown by equation 
3, no data being available for these plats for such seasons of the 
year. The rate of percolation on plat 2 probably decreases as 
the soil becomes packed by the winter and spring rains. 

The aberage relation between rates of rainfall and runoff 
for the Miami Valley during the summer and fall when the sur- 
face soil is saturated, probably lies somewhere between those 
shown by equations 3 and 5. It is, of course, very difficult to 
estimate the average soil conditions over a large drainage area. 
However, considering that practically throughout the valley the 
amount of vegetation exceeds that on plats 1, 3, and 4 at Taylors- 
ville, and also that the b e a t e r  part of the land is cultivated, 
it seems fairly certain that the average rate of retention would 
exceed that used in determining equation 3. It does not seem 
possible though, that the retention could amount to as much as 
that  obtained on plat 2 a t  Taylorsville, where the soil had been 
thoroughly spaded and raked just before the experiment was 
made. 

. 

RAINFALL A I D  RUNOFF RATES, SOIL 
NOT SATURATED 

When the ground is not saturated the relation between rates 
of rainfall and runoff varies greatly with the amount of mois- 
ture  in  the soil, as well as with the soil texture and the surface 
conditions. On a given plat the drier the soil the greater will be 
the rate of retention and the smaller will be the rate of runoff 
corresponding to a given rate of rainfall. 

Experiments 10 and 11, made on plats 4 and 3 at Taylorsville, 
furnish data on the relation between rates of rainfall 'and runoff 
for different amounts of soil moisture. SinCe the soil and sur- 
face conditions are the same at these two plats, and  since the 
amount of moisture present when experiments 10 and 11 were 
started was the same, i t  is possible to select portions of these 
experiments in which the amount of soil moisture present was 
the same for both plats. The rat& of rainfall and runoff can 
then be calculated for these portions for both experiments and 

,is r,: ; 
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the difference in the runoff rate for a given portion will be due 
entirely to the difference in the rainfall rate. The rates may 
then be platted as  in figures 22 and 23 and curves may be drawn 
to represent the relations for  the different amounts of soil mois- 
ture. 

In  figure 25 the circles show the rainfall and runoff rates 
determined in this manner for the following ranges of retention. 

From 0.00 to 0.65 inches 
From 0.65 to  1.30 inches 
From 1.65 to 2.30 inches 
From 2.40 to 2.75 inches 

Lines have been drawn through points calculated from experiments 
10 and 11. 

1 3 4  ~ 

t . .  
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The upper set of circles were determined from experiment 
10 and the lower set, from experiment 11. Straight lines have 
been drawn through the points for each range in retention, 
curves J, K, L, and M ;  and a 45" line, curve D, has been added 
as in figures 22 to 24. For comparative purposes, curve G of 
figure 23, representing saturated surface soil conditions in plats 
3 and 4, has also been added. Since only two points are avail- 
able for each line, i t  is, of course, not known whether they 
should be straight or curved. They were drawn straight be- 
cause i t  has been shown that for saturated soil conditions the 
curves are  straight. 

It will b? noticed that curves J, K, L, and M are spaced rather 
uniformly, and that they are nearly parallel to curve D, the 45" 
line. However, if the experiments had been carried further, 
it  is likely that the succeeding lines would have been increas- 
ingly closer together as they approached curve G, since curve 
G was based primarily on experiments in which the total sprink- 
ling time, as well as the amount of moisture in the soil when the 
observations were started, was greater than in experiments 10 
and 11. 

Curves J, K, L, and M illustrate, for plats 3 and 4, the var- 
iations in runoff and retention rates caused by variations in 
rainfall rates and in total retention. Retention rates are shown 
by the horizontal o r  vertical distances from the various lines to 
curve D. The variations in runoff and retention rates due to 
variations in soil texture may be indicated by showing, on fig- 
ure 25, points calculated for plat 1 for  similar ranges in reten- 
tion during experiment 9. The soil in plat 1 when experiment 
9 was begun contained about the same quantity of moisture as - 
the soil in plats 3 and 4 when experiments 10 and 11 were started. 
Points calculated for experiment 9 are shown by the triangles in 
figure 25. 

It will be noticed that the triangle corresponding to a range 
in retention from 0.00 to 0.65 inches falls a considerable distance 
to the left of curve J, thus indicating a considerably greater rate 
of retention and a correspondingly smaller rate of runoff for 
plat 1. The succeeding points, however, fall increasingly closer 
to the curves for plats 3 and 4. The last point, corresponding to 
a retention from 2.40 to 2.75 inches, is very close to curve M. 
This means that at Taylorsville the runoff from the clay soils 
on the hills is appreciably greater than the runoff from the loam 
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in the valley, when the soil is dry, but not materially 
when the soil is saturated. 

The effect of cultivation on retention'and runoff may 
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be shown 
on figure 25 by platting points computed from experiment 6 ,  
made on plat 2 at Taylorsville. As previously noted the soil in 
this plat was spaded and raked before the experiment was 
started. Points computed for the ranges in retention used in 
determining curves J, K, L, and M, are shown by the squares 
in the upper part  of the diagram. It will be noticed that the 
points corresponding to ranges from 0.00 to 0.65 inches and from 
0.65 to 1.30 inches, show no runoff whatever. Although thz 
curves in figure 17 show the runoff as  beginning when the re- 
tention had amounted to about an  inch, the average rate before 
the retention reached 1.30 inches was so small that  it could not 
be shown in figure 25. The points corresponding to ranges in 
retention from 1.65 to 2.30 and from 2.40 to 2.75 inches both 
fall to the left of the point calculated from experiment 9, plat 1, 
for the range from 0.00 to 0.65 inches. This illustrates the rel- 
atively-great amount of retention obtained by cultivation. Ref- 
erence to  figure 17 shows that after runoff did begin on plat 2, 
the rate increased gradually throughout the first run. That the 
increase was gradual rather than abrupt was due to  the pres- 
ence of air in the soil. 

The ranges in retention for which the points were computed 
are noted on the curves in figure 25. Points corresponding to 
similar ranges during other experiments, o r  during actual rain- 
falls, will fall on these lines only when the soil conditions, as 
regards texture, temperature, and moisture, at the beginning 
of the precipitation are the same as they were in experiments 
10 and 11. Consequently, in order to use curves J, K, L, and M 
in calculating runoff from rainfall, it will be necessary to esti- 
mate the condition of the soil when the rainfall begins. This 
estimate can probably be made closely enough that  the runoff 
rate will be determined with a fair  degree of accuracy. For in- 
stance, if it is estimated that when a rainfall of 2 inches per 
hour, lasting an  hour, began, the condition of the soil was the 
same as  in experiments 10 and 11, the runoff rate of about an 
inch an  hour, shown by the curves in figure 25, is probably ac- 
curate within 25 per cent or within a quarter of an  inch an hour. 
This uncertainty would decrease in amount a s  the soil became 
saturated. While an uncertainty as great as  25 per cent is un- 
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desirable, it is doubtful if an  estimate based on judgment alone 
would be as  accurate as  one based on the curves of figure 25. 

The data secured at Moraine Park is hardly sufficient to 
warrant the preparation of a diagram such as  figure 25. How- 
ever, the differences in retention and runoff due to variations in 
soil texture and surface slope may be studied in figures 13, 14, 
and 15, illustrating experiments 1, 3, and 4. Experiment 1 was 
made on the level bare soil plat in June, experiment 3 on the same 
plat in July, after the soil had been trampled and packed by cat- 
tle, and experiment 4 on the sloping bare soil plat when the soil 
was comparatively loose. Considering the first run of each ex- 
periment the retention rates are seen to have been considerably 
greater, and the runoff rates considerably less, during experi- 
ment 1 than during experiments 3 and 4. During experiment 4 
the retention rates were slightly greater, and the runoff rates 
slightly less, than during experiment 3. This means that  the 
increase in runoff due to the trampling and packing of the soil 
was slightly greater than that due to  the increase in the slope 
of the surface. 

The average rate of retention of 0.90 inches per hdur ob- 
tained on the sloping plat in run 16, for a period of an hour and 
15 minutes, checks the conclusion reached in the preceding chap- 
ter  that  water can be absorbed by the bare soil a t  times during 
the summer when the soil is unusually dry, at a rate as great as 
1.00 inch per hour for intervals as  long as  30 minutes. 

CONDITIONS BEFORE RUNOFF BEGINS 

A knowledge of the conditions necessary before runoff be- 
gins is valuable in stuldying rainfall and runoff. During many 
showers of comparatively short duration no runoff takes place 
although the intensity of the precipitation may be relatively 
great. During other showers of longer duration and lesser in- 
tensity similar conditions exist as regards runoff. In  order for 
runoff to begin i t  will be necessary for two conditions to be ful- 
filled. First, the precipitation must occur a t  a rate greater than 
the rate a t  which it can be absorbed by the soil ; and, second, the 
excess rate must continue long enough to fill the surface storage 
available by reason of the small depressions in the surface, accu- 
mulations of dead grass o r  leaves, growing vegetation, and other 
factors. The relative importance of these two conditions, of 
course, varies with the soil and surface characteristics. If the 
soil is bare and free from depressions, rates of precipitation and 
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soil absorption are predominant. If the soil 
heavy sod or a deep deposit of forest litter, 
the determining factor. 

-46 1 3 1  1 
is covered with a 
surface storage is 

While i t  is not possible to differentiate between these two fac- 
tors in a given instance, it  is interesting to discuss their com- 
bined effect. Referring to run 1 of table 16 made on the level 
bare soil a t  Moraine Park when the ground was dry, it  is seen 
that a rate of rainfall of 4.25 inches per hour caused runoff to 
begin in 2.0 minutes, or after a total of 0.14 inches had fallen. 
Run 1 of table 19, made on similar soil on the same day, showed 
that a rate of rainfall of 3.65 inches per hour caused runoff to 
begin in 2.5 minutes, or after a total of 0.15 inches had fallen. 
Run 16 of table 16, made on the sloping bare soil plat when the 
ground was dry, showed that a rate of 3.00 inches per hour re- , 

sulted in runoff after 3.5 minutes,or after the total amounted to 
.18 inches. These results confirm the conclusion reached in the 
preceding chapter ; namely, that water cannot be absorbed by the 
bare soil at Moraine Park a t  any time, no matter how dry i t  is, 
at a rate as great as 3.00 inches per hour for periods as long as 
5 minutes. The apparent exception to this, indicated by run 9 
of table 16, in which a rate of 3.65 inches did not cause runoff 
until 5.5 minutes, is due to the different condition of the surface, 
the surface in this instance containing a considerably greater 
number of small depressions. 

Runs 1, 17, and 27 of table 17, made in August when the 
ground was about as dry as in the runs mentioned above, show 
that the soil a t  Taylorsville in plats 1, 3, and 4, is about the same 
as at Moraine Park as regards beginning of runoff. However, 
run 11, made on plat 2 where the soil had been spaded, shows a 
great difference. In this case a rate of 3.90 inches per hour did 
not cause a measurable quantity of runoff for 22 minutes, or 
until the total precipitation had amounted to 1.43 inches. The 
following morning, when the soil was practically saturated a 
rate of 1.85 inches per hour resulted in runoff in 6 minutes, or 
after 0.18 inches had fallen. 

Runs 8, 24, and 34 of table 17, made on plats 1, 3, and 4 in 
October, when the soil was somewhat drier than in August, show 
slightly greater values of retention preceding runoff, than do 
runs 1, 17, and 27. Other runs of tables 16 and 17 show the 
conditions before runoff when the ground is practically satu- 
rated. 

Figure 26 shows graphically the data discussed above. Times 
* 5-. - ,  : 

. . <  
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in minutes required for' runoff to begin are  platted as abscissas 
against the corresponding rates of precipitation as ordinates. 
Points corresponding to all runs in table 19 have been platted, 
but only those corresponding to the first run of each day have 
been platted from tables 16 and 17, since runs made on the same 
day were frequently only a few minutes apart. Different sym- 

. 

Tiine hM/irutes 
FIG. 26.-INTENSITY AND DURATION OF RAINFALL BEFORE RUN- 

OFF BEGINS. . 

Data secured at the Moraine Park and Taylorsville plats. The curve 
represents conditions at plats 3 and 4 at Taylorsville when the soil is'dry. 

bols have been used to indicate the various plats on which the 
data was secured. I Where the ground was wet when the rainfall 
began the points have been blackened; where it was dry, they 
have been left white. In  one or-two instances the experiment 
number has been placed near the point -in order to indicate a 
different soil condition. 
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Points representing runs 24 and 34 of table 17, and 2, 3, and 
4 of table 19, made at the Taylorsville hill plats in October, have 
been balanced by a line, since for these runs the soil and surface 
conditions were practically the same. Points secured a t  Moraine 
Park do not cover a sufficient range to determine a curve. 

The amount of the surface storage in a given instance is in- 
dicated by the height of the hump, or peak, at the end of the re- 
tention curve, see figures 13 to 21, inclusive, caused by the drain- 
ing off of the water after the precipitation ceased. The amounts 
are small in all cases, as would be expected since there was rela- 
tively little vegetation on any of the plats for which mass curves 
were platted. The quantities vary from practically nothing to  
about 0.07 of an inch. 



CHAPTER V.-MONTHLY, SEASONAL, AND 
ANNUAL RAINFALL AND RUNOFF 

INTRODUCTORY 

General information regarding monthly, seasonal, and annual 
rainfall and runoff, their distribution throughout the year, their 
extreme variations, and the normal, monthly, seasonal, and an- 
nual amounts, are of importance in most hydraulic engineering 
work. 

Criticisms are  often made of the method of discussing rain- 
fall and runoff by monthly, seasonal, or  annual periods. These, 
as  a rule, are based on the condition that the division date be- 
tween periods may fall within a time of storm rainfall, or  of flood 
runoff; or  that  due to snow accumulations, or ground water stor- 
age, precipitation during one period may affect the runoff in the 
following period. These objections, of course, are of more im- 
portance as regards studies based on the shorter periods. They 
also are  of more importance with respect t o  studies of the larger 
drainage areas, inasmuch as flood runoff on the smaller areas is 
more nearly coincident with storm rainfall. 

Such criticisms are  well founded and should be borne in mind. 
However, they apply principally to theoretical studies of laws 
governing runoff rather than to particular engineering prob- 
lems. Because such studies do not lead to the discovery of the 
laws of runoff is no reason why they should be wholly discon- 
tinued. 

In making studies of seasonal and annual rainfall and runoff 
the above objections may be partially met by using the “water 
year” rather than the calendar year, and by a judicious divisiqn 
of the year into seasons, or periods. Rafter, in his studies of 
rainfall and runoff,’ used the water year ending November 30. 
He divided the year into three periods, namely, the storage pe- 
riod, including the months from December to May, the growing 
period, including the months from June to August; and the re- 
plenishing period, including the months from September to Ko- 

. 

*The Relation of Rainfall t o  Runoff, by George W. Rafter. U. S. G. S. 
Water Supply Paper 80, 1903; also Hydrology of the State of New York, 
by George W. Rafter, Bulletin 85, New York State  Museum. 

1 3 1  
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vember. For conditions in the Miami yalley, the year ending 
September 30, which has been adopted by the Water Resources 
Branch of the U. S. Geological Survey, seems to be more satis- 
factory than the year ending November 30. It also seems better 
to  consider the months from October to December as the re- 
plenishing period, the months from January to April as  the stor- 
age period, and the months from May to September as the grow- 
ing period. 

This chapter will take up the studies of monthly, seasonal, 
and annual rainfall, runoff, percolation, and evaporation, which 
have been made for some of the drainage areas in the Miami 
Valley. A method of showing hydrological conditions by means 
of mass curves will also be described. 

If the amount of water stored in the ground, or on the ground 
is the same a t  the beginning and ending of a period of time, the 
difference between the total rainfall and the total runoff during , 

this period must be equal to the total evaporation, using the term 
evaporation to include plant transpiration and evaporation of 
precipitation 'intercepted by vegetation as well as direct evapora- 
tion from soil or water surfaces. Studies of ground water flow 
indicate that in the Miami Valley variations in the amount of 

Table 20.-Stations Used in Studies of Rainfall and Runoff 

Station 

Sidney. . . . . . . . . . .  
Lockington . . . . . . .  
Piqua. . . . . . . . . . . .  
Tadmor . . . . . . . . . .  
Pleasant. Hill. . . . .  
West Milton.. . . . .  
Springfield. . . . . . . .  
Springfield. . . . . . . .  
Wright, . . . . . . . . . .  
Dayton . . . . . . . . . .  
Franklin. . . . . . . . .  
Germantown.. . . . .  
Seven Mile. . . . . . .  
Hamilton. . . . . . . . .  
Hamilton . . . . . . . . .  

Stream Drainage Area ' Reeor& Available* 

Miami River. . . . .  
Loramie Creek. . .  
Miami River. . . . .  
Miami River. . . . .  
Stillwater River. . 
Stillwater River. . 
Buck Creek.. . . . .  
Mad River. . . . . .  
Mad River. . . . . . .  
Miami River.. . . .  
Miami River, . . . .  
Twin Creek. . . . . .  
Seven Mile Creek. 

Square Miles 

555 
255 

. 842 
1128 
453 
600 
163 
488 
652 

2525 
2785 
272 
128 

Years. Inclusive 

1915-1919 
191 6-1919 
1912-1919 

1915-1919 
1915-1919 
1894-1919 
1917-1919 
1915-1919 
19 15-19 19 

Four Mile Creek.. 178 1915-1919 
Miami River. . . . .  1 3672 I 1911-1919 

*Years ending September 30. 

water in the ground a t  the end of the water year are relatively 
small proportions of the yearly evaporation. Consequently, in 
the following tables and discussions dealing with annual quan- 
tities the term evaporation is used to mean the difference between 
the rainfall and runoff. However, in the studies of seasonal and 
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monthly values the term retention has been used; since in these 
cases variations in the amount of water in the ground are com- 
paratively large. 

COMPILATION OF THE DATA 

Table 20 gives the gaging stations for which the data was 
compiled, the streams on which they are  located, the areas 
drained, and the period of years for which records are  available, 
the division into years being made on September 30 instead of 
on December 31. It will be noted that records for full years 
prior to 1915 are available only for the Piqua, Dayton, and Ham- 
ilton stations. 

The annual rainfall, runoff, retention, and ratio of runoff 
to rainfall, were tabulated for all records available, for each 
station in table 20, except Piqua. On account of unreliable gage 
height data a t  Piqua for some of the earlier years and for a part 
of the year 1918, the quantities were tabulated for the years 1915, 
1916, 1917, and 1919 only. The annual, seasonal, and monthly 
rainfall, runoff, retention, ratio of runoff to rainfall, and tem- 
perature had been compiled for the entire record at the Dayton 
station just  before the 1919 data was compiled. Since the 1919 
values-do not differ materially from the averages based on the 
25-year record the studies have not been revised so as to include 
the 1919 data, except in the case of table 21. 

The proportions of annual runoff which appear as surface 
or flood runoff and as low water o r  ground water flow, were 
determined for the Dayton, Wright, West Milton, and Buck 
Creek stations. The Dayton station was chosen because of its 
comparatively long record and because i t  is representative of the 
average conditions throughout the Miami Valley. The other sta- 
tions were chosen because a cursory examination of the records, 
as well as the study of flood runoff given in the following chap- 
ters, indicated that the surface runoff from their drainage areas 
varies considerably. Mass curves were drawn only for the drain- 
age area of Mad River above Wright. 

The annual, seasonal, and monthly rainfall given in the tab- 
ulations are averages over the drainage areas above the stations, 
not the amounts recorded at the stations themselves ; and are 
for the years ending September 30, rather than for the calendar 
years. For the years 1915 to 1919, inclusive, the annual amounts 
were determined by planimeter measurements on maps showing 
lines of equal annual rainfall. The annual, seasonal, and monthly 
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, rainfall for years prior to 1915, and the seasonal and monthly 
values for the years 1915 to 1918, where i t  was only necessary to 
obtain data for the Dayton and Hamilton stations, were obtained 
by averaging directly the records of all stations on the given 
drainage areas. While the latter method does not consider the 
distribution of stations, comparisons of the results obtained, with 
those obtained by the planimeter measurements, showed that for 
such large areas and with so many stations, the results by the 
shorter method are not appreciably in error. 

The values of annual, seasonal, and monthly runoff were cal- 
culated from the daily stream flow records, except in the case 
of the 1911 and 1912 records a t  Hamilton. These were obtained 
from the U. S. Geological Survey water supply papers, proper 
corrections being made for the flow in the Miami and Erie Canal, 
which is not included in the government data. 

In the studies of the relation of temperature to runoff the 
records a t  the Dayton co-operative station were utilized. It was 
not considered necessary to calculate the average temperature 
over the drainage area, inasmuch as any difference which may 
exist tends to be constant in amount, algebraically as well as 
arithmetically, and also tends to be relatively small. 

The method of estimating the proportions of annual runoff 
which appear as surface o r  flood flow and as  low water or ground 
water flow, and the method of drawing mass curves, will be de- 
scribed later. 

ANNUAL RAINFALL AND RUNOFF 
Records for Years 1915-1919 

Table 21 gives the annual rainfall, runoff, ratio of runoff to 
rainfall, and evaporation for  all stations a t  which stream flow 
records are  being compiled, for the years 1915 to 1919, inclusive. 
The average values, although very uncertain due to the shortness 
of the period, are  also included. Studies based on the 25-year 
record a t  the Dayton station, discussed later, show that no one 
of these years was greatly different from normal. In order that  
the average values should be comparable throughout, missing 
records a t  the Lockington, Piqua, Pleasant Hill, and Franklin 
stations were estimated from the data a t  adjacent stations and 

An inspection of the table shows that the runoff in the Mia 

runoff from the Buck Creek drainage area seems to be somew 

were included in the calculation of averages. 

Valley is, on the average, about one-third of the rainfall. 

... : .. 
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less than in the other parts of the Mad River Valley. The total 
runoff from the Mad River drainage area, as shown by the rec- 
ords a t  the Wright station, is the same as  the total runoff from 
the Stillwater River Valley, as shown by the West Milton rec- 
ords. The runoff in the upper Miami Valley seems to be prac- 
tically the same as  the runoff in the Mad and Stillwater drain- 
age areas. The runoff in the Twin, Seven Mile, and Four Mile 
Creek areas, southwest of Dayton, seems to be higher than in 
the other parts of the valley. However, the records a t  these 
stations are somewhat more uncertain than those a t  the other 
stations, due to  the greater difficulties encountered in obtaining 
the stream flow data ; and it  is doubtful if the runoff is actually 
much different from that of the other parts of the Miami Val- 
ley. The records a t  Hamilton, which are  very satisfactory, seem 
to bear out this conclusion since they agree substantially with 
the Dayton records. 

The runoff during the year 1916 was comparatively high, 
and the evaporation comparatively low, due to the large amount 
of storm rainfall that fell during the months of January, Feb- 
ruary, and March, when the available surface and ground stor- 
age was a minimum and the evaporation rate insignificant. 

Records Above Hamilton 

Table 22 gives the annual rainfall, runoff, evaporation, and 
ratio of runoff to rainfall, for the Hamilton station. Averages 
of the various quantities and departures from the averages are  
also given; and the maximum and minimum records are set in 
bold face type. 

The rainfall records are accurate throughout. The maximum 
error for a single year probably does not exceed two per cent. 
The runoff and evaporation records are believed to be fairly 
accurate for all years except 1912. The runoff of 15.6 inches 
given for 1912 is believed to be considerably too low, inasmuch 
as the record for Dayton, for the same year is 23.1 inches. The 
Dayton record is probably too high. There seems to be no rea- 
son why the amounts a t  these two stations should be so differ- 
ent. The records for the years 1915 to 1919, inclusive, agree 
very well, as  previously mentioned. The rainfall during the year 
1912 was about the same as in 1913 but was much more uni- 
formly distributed throughout the year. Consequently the run- 
off would be expected to be greater than normal but less than 
in 1913. Probably the average of the two records, 19.3 inches, 
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is about the true value. Assuming this figure to be correct the 
evaporation for 1912 would be reduced from 27.8 inches to 24.1 
inches. 

Owing to the insufficiency of the stream flow records, the 
runoff for the year 1913 has been assumed to be the same as a t  
Dayton, an  assumption probably not much in error since the 
runoff a t  Dayton was well determined. 

While the period of record, only nine years, is too short to 
give very satisfactory information, the data seems to show that 
the runoff is the most variable quantity of the three and that  the 
rainfall is the least variable. The average departure of the an- 
nual runoff from the mean value is seen to be 26.1 per cent; the 
average departure of the annual evaporation, 12.5 per cent; and , 
the average departure of the annual rainfall, only 7.9 per cent. 
A considerably greater value for the average departure of an- 
nual rainfall was obtained for the Miami Valley above Dayton, 
where records for 25 years a re  available, as will be discussed later. 
The maximum annual rainfall is seen to be 1.12 times the mean 
and 1.33 times the minimum; the maximum annual runoff, 1.73 
times the mean and 2.54 times the minimum ; and the maximum 
annual evaporation, 1.23 times the mean and 1.62 times the 
minimum. 

The average ratio of runoff to  rainfall is seen to be 36.3 per 
cent, or  slightly greater than one-third. The maximum value 
occurred during the year 1913, probably due to the memorable 
flood of that  year. Although the ratio was unusually low in 1915, 
when the evaporation was a maximum due to the large amount 
of storm rainfall occurring during the summer months, the ac- 
tual minimum value occurred in 1918, amounting to only 25.3 
per cent. 

Records Above Dayton 

, Table 23 gives the annual rainfall, runoff, evaporation, tem- 
perature, and ratio of runoff to rainfall, for the years 1894 to 
1918, inclusive, a t  the Dayton station, 25 years in all. Averages 
of the various quantities and departures from the averages are 
given as in table 22 ; and the maximum and minimum values are  
set in bold face'type. The ratios of the maximum quantities to  
the mean and minimum quantities a re  also included. 

The rainfall and temperature records are fairly satisfactory 
throughout. The runoff and evaporation records are  more re- 
liable during the years 1905 to 1918, inclusive, than they are  dur- 
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ing the earlier years, although the data for 1912 is probably in 
error, as previously mentioned. 

Figure 27 shows the total runoff, rainfall, and evaporation, 
in inches, and the average temperature in degrees Fahrenheit, 
for each year; also the mean annual values. Figure 28 shows 
the annual departures of the various quantities. 

Ye af s 
FIG. 27.-ANNUAL RAINFALL, RUNOFF, EVAPORATION, AND TEM- 

PERATURE ABOVE .DAYTON. 

The horizontal lines indicate the mean annual values of the  various 
quantities. 

Table 23 shows that the mean annual rainfall is 37.07 inches; 
the mean annual runoff, 11.87 inches; the ratio of mean annual 
runoff to mean annual rainfall, 32.04 per cent, or slightly less 
than one-third ; the mean annual evaporation, 25.20 inches ; and 
the mean annual temperature, 52.76 degrees Fahrenheit. The 
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average departure of the annual rainfall is seen to be 11.13 per 
cent; of the runoff, 36.83 per cent ; of the evaporation, 12.66 per 
cent; and of the temperature, 2.11 per cent. These figures show 
that the runoff is much more variable than either the rainfall or 
the evaporation, that the rainfall is only slightly less variable 
than the evaporation, a condition somewhat different from that 
shown by the 9-year record at Hamilton, and that the tempera- 
ture is much less variable than any of the other quantities. 

Ye ars 

FIG. 28.-DEPARTURES OF ANNUAL RAINFALL, RUNOFF, EVAPO- 
RATION, m D  TEMPEWTURE ABOVE DAYTON. 

The theory that the annual evaporation is a relatively con- 
stant quantity, which has .been advanced by some engineers, does 
not appear to be true for the Miami Valley. The reason evapora- 
tion is variable is that the rainfall is variable. In order for the 
evaporation to be constant i t  would be necessary for the rainfall 
to be constant in distribution throughout the year as well as in 
quantity ; inasmuch as the transpiration, which constitutes the 
greater part of the annual evaporation, varies with the amount 
of water available during the growing season. The variations 
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in annual evaporation probably decrease in impo'rtance as .the 
proportion of the drainage area covered by water surfaces in- 
creases. 

In figure 29 the runoff and evaporation departures have been 
platted as ordinates against the rainfall departures as abscissas. 
These diagrams seem to indicate that the runoff is generally 

Rffhfu// Departure from Average 
L 

FIG. 29.-RELATIONS BETWEEN ANNUAL RAINFALL, RUNOFF, 
AND EVAPORATION ABOVE DAYTON. 

Departures of annual runoff and evaporation are platted as ordinates 
against the departures' of annual rainfall as abscissas. 

greater than normal when the rainfall is greater than normal 
and vice versa ; also that runoff is a more variable quantity than 
either rainfall or evaporation. 

The maximum annual rainfall is seen to be 1.25 times the 
mean and 1.92 times the minimum ; the maximum annual runoff, 
2.05 times the mean and 6.60 times the minimum ; the maximum 
annual evaporation, 1.51 times the mean and 2.06 times the min- 

252 
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* imum; and the maximum annual temperature, 1.04 times the 
mean and 1.10 times the minimum. 

The minimum annual rainfall occurred during the year 1895, 
amounting to 24.0 inches, or about 65 per cent of the mean an- 
nual. The minimum annual runoff occurred during the same 
year and amounted to 3.7 inches, or  about 31 per cent of the mean 
annual. While the runoff records for the years 1894 to 1904 are 
not so accurate as they are for the later years, the value of 3.7 
inches in 1895 is checked, in a way, by the record of only 4.9 
inches for the same year for the Muskingum drainage area .above 
Zanesville, where the topography is slightly more rugged than 
in the Miami Valley." 

The maximum rainfall occurred in 1896, following the year 
of minimum rainfall, and amounted to 46.2 inches, or about 25 
per cent more than normal. The runoff in 1896 was only 8.1 
inches, or about 68 per cent of t h e  normal amount ; and the evapo- 
ration was 38.1 inches, or about 51 per cent more than normal, 
being the maximum for  the entire record. However, this is an 
instance where the error due to the division into annual periods 
may have an appreciable value. Figure 30 shows the total rain- 
fall on the drainage area above Dayton for each month of each 
year from 1894 to 1918, inclusive; and also the average for each 
month calculated from the 25 separate values. The rainfall dur- - 
ing the months of July, August, and September, 1896, is seen to 
have been considerably greater than normal, amounting to 8.94, 
5.06, and 6.13 inches, respectively. Consequently a par t  of this 
precipitation may have percolated through the surface soil ; and, 
instead of being evaporated, appeared later, as ground water 
runoff: The study of monthly runoff, given later, shows that this 
delayed runoff probably did not exceed an inch. Assuming this 
figure to be correct the evaporation would be decreased to 37.1 
inches in 1896, an amount still greater than any other annual 
amount, and increased to 21.5 inches in 1897; the runoff would 
be increased to 9.1 inches in 1896 and decreased to 11.8 inches 
in 1897; and the ratio of runoff to rainfall would be increased 
to 19.7 in 1896 and decreased to 35.4 in 1897. The unusual eyapo- 
ration during the year 1896 was undoubtedly due to the large 
amount of storm rainfall that  fell during the summer months 
when the plant requirements were a maximum. 

The maximum runoff occurred in 1913, and amounted to 24.4 
inches, o r  about 105 per cent more than normal. The minimum 

*See U. S. Geological Survey Water Supply Paper 80, by George W. 
Rafter, 1903, page 85. 
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evaporation occurred during the same year, amounting to 18.5 
inches or about 27 per cent less than normal. The large runoff 
and small evaporation in 1913 was undoubtedly due to the large 
amount of storm rainfall that  fell during the months of January 
and March, when the conditions were most favorable for  high 
rates of surface runoff. 

A period of low rainfall and runoff occurred during the years 
1899 to 1902, inclusive. During this time the amount of runoff 
gradually decreased until in 1902 it was only 3.8 inches, or only 
0.1 of an inch greater than the minimum for the entire record. 
The minimum ratio of runoff to rainfall occurred during this 
year, amounting to only 12.0 per cent. In fact, a study of the 
data in table 23 seems to indicate that the ratio of runoff to rain- 
fall is generally lower, as  might be expected, during the dry 
periods than i t  is during the wet periods. 

That variations in the amount of annual runoff and evapora- 
tion are  due principally to the distribution of rainfall through- 
out the year rather than to the amount of the rainfall is indicated 
by the preceding discussion of conditions during the years 1896 
and 1913. A study of figures 27, 28, and 30 leads to further cor- 
roboration of this conclusion. During the year 1914, when the 
rainfall was 32.3 inches, or  about 13 per cent less than normal, 

normal, and the evaporation was 24.0 inches, o r  only about 5 per 
cent less than normal, due to the comparatively uniform distri- 
bution of the rainfall throughout the year. In  1915, the rain- 
fall was 41.8 inches, or about 13 per cent more than normal; 
and was comparatively heavy during the summer months, when 
transpiration, surface and soil storage were comparatively great. 
Consequently the evaporation &as 29.7 inches, o r  about 18 per 
cent more than normal, while the runoff was only 12.1 inches 
o r  about 2 per cent more than normal. In  1916, when the rain- 
fall was 39.9 inches, or  only about 8 per cent more than normal, 
the runoff was 19.2 inches, or about 62 per cent more than nor- 
mal, and the evaporation was only 20.7 inches, or  about 18 per 
cent less than normal, due to  the .large amount of precipitation 
that occurred as storm rainfall, principally during the winter 
months. The conld’itions during other years might be de- 
scribed but those already mentioned are probably sufficient to 
indicate the importance of rainfall distribution. 

The three diagrams in figure 31 show the annual rainfall, 
runoff and evaporation departures, respectively, platted as ordi- 

. 

8 the runoff was only 8.3 inches, or  about 30 per cent less than 
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nates against the annual temperature departures as abscissas. 
No definite relation seems to be shown by any of these diagrams. 
The variations in annual temperature are so small that what- 
ever effect they may have on rainfall, runoff, or evaporation are 
not of sufficient magnitude to become noticeable. 

SEASONAL RAINFALL AND RUNOFF 

Table 24 gives the seasonal rainfall, runoff, retention, tem- 
perature, and ratio of runoff to rainfall for the drainage area 
of the Miami River above Dayton. The year is divided into 
three seasons, or periods, as they are generally termed; the re- 
plenishing, storage, and growing periods. The replenishing pe- 
riod includes the months of October, November, and December ; 
the storage period, the months of January, February, March, and 
April; and the growing period, the months of May, June, July, 
August, and September. 

Averages of the various quantities for the twenty-five years 
of record are included in the table; and the maximum and min- 
imum values are  set in bold face type. The ratios of the maxi- 
mum to the mean and minimum quantities are also given. The 
data is shown graphically in figure 32. 

The mean values given near the bottom of table 24 show that 
on the average the rainfall is about 7.69 inches, or about 21 per 
cent of the mean annual, during the replenishing period; about 
12.23 inches, o r  33 per cent of the mean 'annual, during the stor- 
age period; and about 17.13 inches, or 46 per cent of the mean 
annual, during the growing season. The average runoff appears 
to be about 1.69 inches, or 14 per cent of the mean annual, dur- 
ing the replenishing period ; about ,7.22 inches, or 61 per cent of 
the mean annual, during the storage period; and about 2.96 
inches, or 25 per cent of the mean annual, during the growing 
period. The average retention appears to be about 6.00 inches, 
or 24 per cent of the mean annual, during the replenishing pe- 
riod; about 5.01 inches, or 20 per cent of the mean annual, dur- 
ing the storage period; and about 14.17 inches, or 56 per cent 
of the mean annual, during the growing season. The mean tem- 
perature is 43.1 degrees Fahrenheit, during the replenishing 
period, 38.2 degrees during the storage period, and 70.3 degrees 
during the growing period, the mean annual being 52.76 degrees, 
as previously mentioned. It is interesting to note the compara- 
tively high retention and low runoff during the growing season 

1-57 
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Years 
Curves A and A' =&infa// Curves CundCL Refention 

a 6 I B'-t?unoff u 0 I D '= Temperature 

FIG. 32.-SEASONAL RAINFALL, RUNOFF, RETENTION, AND TEMP- 
ERATURE ABOVE DAYTON. 

The storage period includes the months of January to April; the grow- 
ing period, the months of May to September; and the' replenishing period, 
the months of October to December. Curves A', B', C', and D' represent 
mean values for the 25 years of record. 
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and the comparatively low retention and high runoff during the 
storage season. 

By making proper allowance for the drying out of the sur- 
face soil and for the maintenance of stream flow by ground 
water storage i t  is possible to estimate the total amount of evap- 
oration during the growing period. The Moraine Park data, 
described in chapter 111, indicates that the amount of moisture 
in the soil is reduced about 5 inches by transpiration and soil 
evaporation during the summer. If it  is assumed that no per- 
colation occurs during the growing period and that two-thirds 
of the stream flow during this time is surface runoff, assump- 
tions which are believed to be reasonably correct for the Miami 
Valley, the evaporation during the growing season would be 
about 20 inches, o r  about 80 per cent of the mean annual evapor- 
ation. This would leave about 5 inches to be evaporated during 
the 7 months included in the replenishing and storage periods, 
corresponding to an average rate of about three-quarters of an 
inch per month which seems reasonable for the months of Oc- 
tober to April, inclusive. 

A comparison of the data in table 24 with that given in table 
23 shows that the seasonal values are  more variable than the 
annual values in practically all cases, as would naturally be ex- 
pected. This is shown by the ratio of the maximum quantities 
to the mean and minimum values as well as by a study of the in- 
dividual records. The ratios seem to indicate that the runoff 
during' the growing season is slightly more constant than the to- 
tal annual runoff. However, a study of the departures from the 
normal runoff for the growing period, not included herein, shows 
the annual runoff to be slightly more constant. The runoff seems 
to be more variable than either the rainfall or the retention, in 
all cases. 

Replenishing Period 

The maximum rainfall and the maximum runoff during the 
replenishing period, 11.43 and 5.63 inches respectively, both oc- 
curred in 1912, when the annual rainfall was considerably great- 
e r  than normal. The maximum retention, amounting to 9.09 
inches, occurred during the year 1898, the year of maximum an- 
nual temperature. The mean temperature during the replenish- 
ing period in 1898 was 46.2 degrees Fahrenheit, or only 0.1 of a 
degree less than the maximum value. The maximum tempera- 
ture occurred in 1901. The minimum rainfall, 3.16 inche.s-and 
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the minimum retention, 2.25 inches, both occurred in 1909. The 
minimum runoff, 0.56 inches occurred in 1902, when the total 
annual runoff was only 0.1 of a i  inch greater than the minimum 
annual amount. The minimum temperature for this period, 36.6 
degrees, occurred in 1918, calendar year 1917, the early par t  vf 
the unusually severe winter of 1917 and 1918. It is interesting 
to note that the minimum ratio of runoff to rainfall, for  this 
period, occurred in the year 1896, immediately following the 
growing period in which the rainfall, runoff, and retention were 
all minimum values ; also that the maximum value of this ratio 
occurred in 1897, immediately following the growing period 
in which the rainfall and retention were maximum values. The 
ratio was unusually low in 1896 because the necessary replenish- 
ing of the soil storage was considerably greater than usual. It 
was unusually high in 1897 because the replenishing had been 
accomplished to an  extent greater than usual during the pre- ' 

ceding period, thus causing a relatively high ground water flow. 

Storage Period 

The maximum values of rainfall and runoff during the stor- 
age period, 23.88 and 20.89 inches respectively, both occurred in 
1913, the year of maximum annual runoff and minimum annual 
evaporation. These maxima were undoubtedly caused primarily 
by the great storm and resulting disastrous flood of March 23 to 
27. The minimum rainfall, 6.21 inches, the minimum runoff, 
1.38 inches, and the minimum ratio of runoff to rainfall, 22.2 
per cent, all occurred in 1902, the year in which the ratio of an- 
nual runoff to  annual rainfall was a minimum and in which the 
annual runoff was only 0.1 of an  inch greater than the minimum 
value. The maximum retention, 8.99 inches, occurred in 1909. 
The minimum retention occurred in 1912, the runoff during this 
period being greater than the rainfall. This record, however, 
is probably uncertain due to errors in the runoff. As explained 
in the discussion of the records a t  Hamilton the runoff records 
for  Dayton for 1912 are  believed to be somewhat too high. The 
retention during the storage period was probably a minimum in 
1910, when the record amounted to 0.48 of an inch. The maxi- 
mum ratio of runoff to rainfall given as  100.7 in 1912 is also 
undoubtedly in error due to the error in runoff records. The 
value of 87.5 per cent given for  the years 1913 and 1916 prob- 
ably represents the maximum value for this period. The min- 
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imum temperature, 32.8 degrees, occurred in 1912 ; and the max- 
imum, 41.8 degrees, occurred in 1894. 

Growing Period 

During the growing season the minimum rainfall, minimum 
runoff, and minimum retention all occurred in the year 1895, the 
year of minimum annual rainfall. The maximum rainfall and 
maximum retention occurred the following year, the year of max- 
imum annual rainfall and maximum annual evaporation. The 
maximum runoff for this period occurred in 1915, and was prob- 
ably due to  the floods of July of that  year. The minimum ratio of 
runoff to rainfall occurred in 1902, the year in which the mini- 
mum ratio for the storage period occurred, and in which the 
total annual runoff was only 0.1 of an inch greater than the min- 
imum annual amount. The maximum value of this ratio oc- 
curred in 1909 when the runoff and rainfall were both consid- 
erably above normal. The maximum temperature occurred in 
,1900. The minimum temperature occurred in 1917 preceding 
the unusually severe winter of 1917 and 1918. 

. 

MONTHLY RAINFALL AND RUNOFF 

Tables 25 to 28, inclusive, give the monthly rainfall, runoff, 
retention, and ratio of runoff to rainfall, for the drainage area 
of the Miami River above Dayton. Table 29 gives the monthly 
temperatures a t  Dayton. Maximum and minimum records are 
indicated .as in the preceding tables; and the average values of 
the various quantities are  included. Ratios of the maximum rec- 
ords to the mean and minimum records are given for the rainfall, 
runoff, retention, and temperature. 

Figure 33 shows the maximum, mean, and minimum values 
of the various quantities. The maximum values a re  platted to- 
gether in the upper part  of the figure, the mean values near the 
center, and the minimum values in the lower part. It should 
be noted that since the maximum and minimum values of the 
rainfall, runoff, and retention frequently occur in different years, 
the relation that the retention is equal to  the rainfall minus the 
runoff holds only for  the mean curves. Only the mean values 
of the ratio of runoff to  rainfall are platted. The maximum and 
minimum values are so erratic, due to the short periods of time 
considered, that  they are practically meaningless. Figure 34 
shows the same data as  figure 33, arranged somewhat differently. 
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In this case the three temperature curves are kept together, the 
three rainfall curves together, and so on. 

The mean distribution of the rainfall, runoff, retention, and 
temperature throughout the year is shown by the group of curves 
in the center of figure 33, as well as by the average values given 
at the bottom of the tables. The minimum mean monthly rain- 
fall occurs during the month of February and amounts to 2.24 
inches. If the record were increased so as to correspond to a 
month of 30 days instead of 28 the amount would still be less 
than the record for November, the next lowest month. March 
seems to be the month of heaviest rainfall, the average for this 
month being 3.80 inches. However, the value of 3.73 inches ob- 
tained for the months of June and July is practically as great. 
There appears to be a decrease in rainfall during April, the 
average amount for this month being only 2.98 inches. It is 
interesting to note that a similar decrease during this month is 
shown by the majority of the diagrams for southwestern Ohio, 
published by the U. S. Weather Bureau, in Volume I1 of Bulletin 
W.* The rainfall is generally low during the months of October, 
November, and December ; and generally high during the months 
of May, June, and July. 

The distribution of runoff during the year is slightly differ- 
ent from the rainfall distribution, inasmuch as it is generally 
low during the summer months. However, the month of greatest 
runoff is the same as the month of greatest rainfall, the monthly 
runoff being a maximum during March, amounting to 2.62 inches. 
September is the month of lowest runoff, the average for this 
month being only 0.37 inches. 

The curve of mean retention follows, in a way, the curve of 
mean temperature, being high in the summer and low in the 
winter. The minimum monthly retention occurs in February, 
the month of minimum rainfall, and amounts to only 0.70 inches. 
June is the month of maximum retention, the average for this 
month being 3.11 inches. 

The curve of the average ratio of runoff to rainfall is just 
the reverse of the temperature curve, being high in the winter 
and low in the summer. The maximum ratio of monthly runoff 
to monthly rainfall occurs in March, being 68.8 per cent. The 
minimum ratio occurs in August, being 11.8 per cent. 

A study of the maximum and minimum values, and of the 
ratios given at the bottom of the tables, shows that the various 

letin W, Volume 11, U. S. Weather Bureau, Washington, D. C., 1912. 
*Summary of Climatological Data East of the Mississippi River, Bul- 
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i M€AN VALUES 

FIG. 33.-MAXIMUM, MEAN, AND MINIMUM MONTHLY RAINFALL, 
RUNOFF, RETENTION, AND TEMPERATURE ABOVE DAYTON. 

The ratio of the mean monthly runoff to the mean monthly rainfall, 
expressed as a percentage, has been added to the group of mean values. 

. . .  
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FIG. 34.-MAXIMUM, MEAN, AND MINIMUM MONTHLY RAINFALL, 
RUNOFF, RETENTION, AND TEMPERATURE ABOVE DAYTON. 

Curves shown in figure 33 have been arranged so as to show more 
clearly the differences between the maximum and the minimum values of 
the various quantities. 
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quantities aye all quite variable, much more variable than the 
annual or seasonal quantities, as would naturally be expected. 
The runoff again seems to be considerably more variable than 
either the rainfall or  the. retention. 

The maximum rainfall during any one month of the entire 
record occurred in March, 1913, due to the great storm of March 
24 to 27, and amounted to 10.51 inches. The maximum runoff 
for  any one month-also occurred during March, 1913, and 
amounted to the same value. The ground water flow a t  this time 
was unusually h'lgh due to the heavy precipitation of the pre- 
ceding January. The minimum rainfall for  the entire period 
occurred in March, 1910, and amounted to only 0.07 of an  inch. 
The minimum runoff occurred in November, 1902, calendar year 
1901, amounting to only 0.14 of an inch. 

Maximum and minimum values of monthly retention and 
ratio of runoff to rainfall, as  well as  all individual values, are  
more or less erratic due to the short period of time considered. 
The runoff very frequently is not comparable with the rainfall 
for  the same month. Probably the chief value of the data given 
in tables 27 and 28 is to show-this. During the winter months 
the runoff is often greater than the precipitation, due either to  
snow accumulations o r  to  floods in the early part  of the month 

' caused b y  heavy precipitation during the late part  of the pre- 
ceding month. The runoff during February, 1916, was greater 
than the rainfall, due to the flood runoff resulting from the heavy 
precipitation of January 30 and 31. The runoff of February, 
1918, was greater than the rainfall, due to the melting of the 
heavy snows which had fallen during January. Other negative 
values of retention might be similarly explained. 

The curves of  maximum, mean, and minimum monthly tem- 
perature given in figure 34 need no discussion. However, i t  is 
interesting to note that the minimum records for October, De- 
cember, and January all occurred during the unusually severe 
winter of 1917 and 1918.. 

SURFACE AND GROUND WATER FLOW 

Table 30 shows the relation between surface and ground 
water flow for the drainage areas of the Miami River above Day- 
ton, of Mad River above Wright, of Buck Creek above Springfield, 
and of Stillwater River above West Milton. The annual amounts 
of surface runoff and of ground water runoff are  given in inches 
depth over the drainage areas and in percentages of the total 
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runoff, for each year for which records are ayailable. The total 
annual runoff in inches is also included. The maximum and 
minimum'records are  indicated as before. 

The proportions of annual runoff which appear as surface or  
flood flow and as  low water or ground water flow can be deter- 
mined only approximately. No exact separation is possible. In  
calculating the data given in table 30, the separation was made 

..on the hydrographs in the following manner: Lines represent- 
ing the rate of ground water flow were drawn so as to pass 
through the low point's only, as shown in figures 35 to 39, inclu- 
sive. The endeavor was to draw the lines so that the increased 
\flow of tiles immediately after a flood, that  is, the drainage of 
the surface soil, would be included in the surface o r  flood runoff 
rather than in the ground water runoff, since such flow acts more 
nearly like surface flow than like low water flow. It was also 
assumed that no percolation occurs during the growing season 
or  before the latter part  of the replenishing period, that  is, dur- 
ing the period from about May 1 to about December 1. Having 
arbitrarily drawn the curve representing the rate of ground 
water flow,' i t  was, of course, simply a matter of calculation to 
determine the total amounts of surface and ground water runoff 
during the year. 

Reference to table 30 shows that in the Miami Valley above 
Dayton the surface flow is about two-thirds of the total runoff, 
and the ground water flow about one-third. In the Buck Creek 
Valley the surface flow contributes only about 44 per cent of the 
total and the ground water flow about 56 per cent. In  the Mad 
River Valley above Wright, including the Buck Creek Valley, 
the surface flow amounts to  about 53 per cent of the total and 
the ground water flow, to about 47 per cent. In  the Stillwater 
River Valley the surface flow constitutes about 79 per cent of 
the total and the grounla water flow, only about 21 per cent. 

j These wide differences in the proportions of surface and 
ground water flow are the result of variations in geological and 
soil conditions. In  the Mad River Valley there is relatively large 
underground storage in deep deposits of glacial gravel, while 
the comparatively loose and shallow surface soil permits rapid 
percolation. Gravel deposits a re  less extensive in the Miami 
Valley above Dayton, and still less frequent in the Stillwater 
Valley. Over a considerable portion of the latter basin there are  
but a few feet of residual clay soil overlying the bed rock, which 
generally is limestone. On these drainage areas surface slope 
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Surface Runoff 

Inches I '% of Total 

Table 30.--Surface and Ground Water Runoff in the Miami Valley 

Ground Water Runoff 

Inches I % of Total 

Year 
Ending 

September 30 

.1894 . . . . . . . . . . .  
1895 . . . . . . . . . . .  

4.92  1 :90 38 .6  3 .02  
3 .72  I 1.29  34 .7  2 .43  

DRAINAGE AREA O F  T H E ' M I A M I  RIVER ABOVE DAYTON 

1915 . . . . . . . . . . .  
1916 . . . . . . . . . . .  
1917 . . . . . . . . . . .  
1918 . . . . . . . . . . .  
1919 . . . . . . . . . . .  

Average . . . . . . . .  

8.34 3.92 47.0 4 .42  53 .0  
14.75 6 .73  45.6 8 . 0 2  54.4,  
10.25 4.77 46 .5  5.48 63 .5  . 
10.10 . 4.64  45 .9  5.46 54 .1  
11.04 4.10 37 .1  6 .94  62 .9  

10.89 4 .83  44 .3  6.06 55.7 

1896 . . . . . . . . .  
1897 . . . . . . . . .  

1915 . . . . . . . . . . .  
1916 . . . . . . . . . . .  
1917 . . . . . . . . . . .  
1918 . . . . . . . . . . .  
1919 . . . . . . . . . . . .  

Averaee . . . . . . . .  

1898 . . . . . . . . . . .  
1899 . . . . . . . . . . .  
1900 . . . . . . . . . . .  
1901 . . . . . . . . . . .  
1902 
1903 . . . . . . . . . . .  
1904 . . . . . . . . . . .  
1905 . . . . . . . . . . . .  
1906 . . . . . . . . . . . .  
1907 . . . . . . . . . . .  
1908 . . . . . . . . . . .  
1909 . . . . . . . . . . .  
1910 . . . . . . . . . . .  
1911 . . . . . . . . . . .  
1912 . . . . . . . . . . .  
1913 . . . . . . . . . . .  

12.03 6 .86  57.0 5 .17  43.0 
19.39 11.85 61 .1  . 7.54 38.9 
13.48 6 .75  50 .1  6 .73  49 .9  
11.09 5.69 51 .3  5.40 48.7 
12.89 . 5 .56  4 3 . 1  7 .33  56 .9  

13.78 7.34 53 .3  6.44 46 .7  

1914 . . . . . . . . . . . .  
1915 . . . . . . . . . . .  
1916 . . . . . . . . . . .  
1917 . . . . . . . . . . .  
1918 . . . . . . .  : . . .  

1915 . . . . . . . . . . .  
1916 . . . . . . . . . . .  
191 7 . . . . . . . . . . . .  
1918 . . . . . . . . . . . .  
1919 . . . . . . . . . . . . .  

Average . . . . . . .  

1919 . . . . . . . .  I .  . .  

12.63 10.63 8 4 . 2  2.00 15.8 
17.63 14.30 81.1 3.33 18.9 
12.33 8 .73  70 .8  3 .60  29.2 
13.30. 10.34 77.7 2.96 22 .3  
12.00 9.48 79.0 2 .52  21 . 0 .  

13 K8 10.70 78 8 2 88 21 .2  
-- 

Average. . . . . . . .  
DRAINAGE 

8.08 
12.78 
14.70 
9.72 
6 .58  
5 .65  
3.76 

12.56 
,13.09 

7 .08  
9 .18  

17.16 
17.72 
13.12 
15.13 
13 .91  
23.09 
24.36 
8 .33  

12.09 
19.25 
11.43 
9.42 

11.15 

4.47 
8.19 

10.41 
5.32 
3 .16  
2.67 
1 .56  
7.77 
9.38 
4.46 
5.25 

11.38 
12.52 
8 . 3 1  

10.56 
9.18 

16.18 
19.71 
4 .95  
8 .58  

14.19 
7 . 4 1  
6 .44  
6 .71  

11.85 I 7 .. 77 
REA O F  BUCK CRI 

55.3 
6 4 . 1  
70.8 
54.7, 
48 .0  
47 .3  
41 .5  
61.9 
71.7 
63 .0  
57 .2  
66 . '3 
70.7 
63 .3  
69.8 
66 .0  
70.1 
80 .9  
59 .4  
71.0 
73 .7  
64 .8  
68.4 
60.2 

65.6 
:K ABOV 

3 . 6 1  
4.59 
4.29 
4 .40  
3 .42  
2.98 
2 .20  
4.79 
3 .71  
2.62 
3 .93  
5 .78  
5.20 
4 .81  
'4.57 
4.73 
6.91 
4 .65  
3 .33  
3 .51  

. 5.06 
4 .02  
2 .98  
4.44 

4 .08  

61.4 
65 .3  
44.7 
35 .9  
29 .2  
45 .3  
52 .0  
52.7 
58 .5  
35.1 
28 .3  
37 .0  
42.8 
33 .7  
29 .3  
36.7- 
30 .2  
34.0 
29.9 ' 

1 9 . 1  
40.6 
29 .0  
26 .3  
35.2 
31.6 
39.8 

34 .4  
SPRINGFIELD 

DRAINAGE AREA O F  STILLWATER RIVER ABOVE 
WEST MILTON 
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has but little influence on runoff. In fact the surface slopes are 
steeper over the Mad River drainage area where percolation is 
great, than on the Stillwater where flood runoff predominates. 

Considering the Dayton records the surface flow is seen to 
vary from only 1.29 inches in 1895, the year of minimum annual 
runoff, to 19.71 inches in 1913, the year of maximum annual run- 
off. The percentages of the totals for  these years were 34.7 and 
80.9 respectively, which are  the minimum and maximum per- 
centages. The ground water flow varied from 2.20 inches in 
1902, the year in which-the rainfall during the storage period, 
when practically all of the percolation occurs, was a minimum, to 
6.91 inches in 1912. However, as  previously mentioned, the rec- 
ord for  the year 1912 is believed to  be too high. Probably the 
value of 5.78 inches given for the year 1907 represents the true 
maximum amount. The ground water flow was a maximum per- 
centage of the total in 1895, the year of minimum surface and 
minimum total runoff; and a minimum percentage of the total 
in 1913, the year of maximum surface and maximum total runoff. 

The minimum and maximum values for the other drainage 
areas are, of course, very uncertain due to the shortness of the 
record. However, a study of the averages of the Dayton records 
for the years 1915 to 1919 inclusive, and of those for the entire 
period of record, indicates that  the averages for the other drain- 
age areas are not greatly in error. 

The annual ground water runoff is much less variable than 
the annual surface'flow, as would be expected. The maximum 
value of the annual surface runoff in the Miami Valley above 
Dayton, 19.71 inches, is about 15.3 times the minimum value, 
while the maximum value of the ground water runoff, using the 
1912 record, is only about 3.14 times the minimum value. 

- 

MASS CURVES 

The hydrology of a drainage area may be shown conveniently 
by means of mass curves. Such curves have been drawn for the 
Mad River Valley above Wright for  the years 1915 to 1919, in- 
clusive. They are shown in figures 35 to 39, one year's records 
being shown in each figure. Separate curves have been drawn to 
show the rainfall, ground water runoff, flood runoff, total run- 
off, retention, soil absorption, percolation, and evaporation. In 
order to avoid confusion the rainfall curve was arbitrarily 
started a t  10 inches on the scale instead of a t  0. Hydrographs 
showing the rate of discharge and the arbitrary separation of 

- .  
- -  ,l7 4 
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FIG. 35.-HYDROLOGY OF THE MAD RIVER VALLEY ABOVE 
WRIGHT DURING 1915 
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FIG. 36.-HYDROLOGY OF THE MAD RIVER VALLEY ABOVE 
WRIGHT DURING 1916. 
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FIG. 37.-HYDROLOGY OF THE MAD RIVER VALLEY ABOVE 
WRIGHT DURING 1917. 
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FIG. 38.-HYDROLOGY O F  T H E  MAD RIVER VALLEY ABOVE 
WRIGHT DURING 1918. 
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FIG. 39.-HYDROLOGY O F  T H E  MAD RIVER VALLEY ABOVE 
WRIGHT DURING 1919. 



RAINFALL A N D  RUNOFF 173 

flood runoff from ground water runoff are platted in the upper 
parts of the figures. 

No explanation of the four curves msntioned first is needed. 
They were simply drawn from the rainfall and runoff data de- 
termined as previously described. The retention curve was ob- 
tained by subtracting the flood runoff from the rainfall. Hori- 
zontal lines have been drawn under the peaks, or humps, on the 
retention curves, thus indicating the surface storage. The larg- 
e r  humps, having a comparatively long duration and occurring 
during the winter months, are  due to precipitation in the form 
of snow. The two larger humps due to this cause have been 
marked “snow”, but the others have not been designated. The 
sharp peaks of comparatively short duration represent storage 
on the ground or in the stream channels during flood periods. 
The retention curve, as modified by the horizontal lines, rep- 
resents the total of the soil absorption, percolation, and evapora- 
tion curves, the ground water runoff being maintained by the 
ground water storage or  percolation water. The lines under the 
humps should really have been drawn so as  to slope upward to- 
ward the right instead of horizontal, since soil absorption and 
evaporation are  continuous, to some extent a t  least, throughout 
the storm period. 

The soil absorption curves, or  soil storage curves as they 
might be termed, were drawn after a careful study of the Mo- 
raine Park soil moisture records given in chapter 111. It was 
assumed that there is a variation of five inches in the amount of 
moisture in the soil during the year;  that  the soil reaches its 
dryest condition sometime late in the summer, during August 
or  September; that  it gradually fills with moisture in the fall, 
during the months of September, October, November, and De- 
cember; and that it then remains saturated until late in the 
spring, when it  begins to dry out due to transpiration and in- 
creased soil evaporation. 

In drawing the percolation curves it was assumed that no 
percolation occurs during the summer or early fall months; that 
is, that  percolation ceases about the time the soil begins to dry 

’ out in the spring and does not begin until late in the fall, about 
the time the surface soil becomes saturated. It was also as- 
sumed that the percolation curve joins the ground water runoff 
curve a t  the time percolation begins. The former assumption 
is believed to be essentially correct for the Miami Valley except 
in very unusual instances. The latter assumption, while more 
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not lead to appreciable error. Of course 
the percolation curves do not need to touch the ground water 
runoff curves a t  the time percolation begins. They could have 
been drawn a fixed distance above, at this time; that is, the 
curves shown in the figures could have been arbitrarily raised 
a certain amount. 

By drawing the percolation curves in this way the total per- 
colation during a given winter and spring was made just great 
enough to maintain the ground water flow until percolation began 
in the following fall or  winter. It is not believed that in the 
Miami Valley percolation during a given storage period ever 
affects greatly the ground water flow after percolation begins in 
the succeeding fall; or, in other words, that the ground water 
level a t  the time percolation begins ever varies greatly from year 
to year. The minimum amount of annual ground water runoff 
in the Miami Valley above Dayton occurred in 1902, following a 
year in which the rainfall was only 30.1 inches, or about 7 inches 
less than normal. In 1914, when the rainfall was 32.3 inches, 
o r  about 5 inches less than normal, following a year in which 
the rainfall was 42.9 inches, or about 6 inches more than normal, 
the ground water runoff amounted to 3.38 inches, or about 1.18 
inches more than in 1902. A part of this 1.18 inches was prob- 
ably due to the 2 inches greater rainfall in 1914. It does not 
seem probable that percolation during a particularly wet season 
ever increases the ground water runoff during the following year 
by as much as an inch. 

In drawing the percolation curves during the winter anid 
spring when percolation was taking place, consideration was 
given to  the rainfall distribution and form of occurrence as well 
as to the temperature and other meteorological conditions. 

The evaporation curves were determined by subtracting from 
the retention curves, or from the horizontal lines under the reten- 
tion curves, the sum of the soil absorption and percolation curves. 
In doing this points were taken about a month apart as shown 
on the diagrams. The attempt was to show the general shape of 
the evaporation curve throughout the year rather than the daily 

, yariations. It is only at the points indicated that the evapora- 
tion is equal to the retention less the sum of the soil absorption 
and percolation. In order fo r  this relation to hold throughout it 
would be necessary to throw the small irregularities of the re- 
tention curves into the evaporation, absorption, or percolation 
curves. It is probable that during the summer and fall the ir- 
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regularities should be thrown into the evaporation and absorp- 
tion curves; and that during the winter and spring they should 
be thrown into the evaporation and percolation curves. More 
irregularities would be expected in the evaporation curve during 
the summer than during the winter. Data on transpiration and 
soil evaporation seems to indicate that during the summer months 
rates of evaporation as great as a half an inch a day, o r  even 
greater, may occur immediately after a heavy rain. Such con- 
ditions would cause jumps in the evaporation curve somewhat 
similar to those in the retention curve. 

Table 31 gives the monthly evaporation, taken from the 
curves, for the Mad River Valley above Wright fo r  each year; 
and also the average amount for each month, based on the five 
years’ records. The average monthly evaporation from a water 

Months 
FIG. 40.-MONTHLY EVAPORATION IN THE MAD RIVER VALLEY 

ABOVE WRIGHT 
For comparative purposes a curve has been added showing the monthly 

evaporation from water surface at Columbus. 

surface a t  Columbus, for the years 1907 and 1908, for the months 
of April to November is also included.* Figure 40 shows graph- 
ically the data on average monthly evaporation given in table 31. 
It-will  be noticed that the evaporation from a water surface is 

*Water Resources of Illinois by A. H. Horton, Report of Rivers and 
Lakes Commission, State of Illinois, Springfield, Illinois, 1914, page 310. 
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1919 

.65 

.48 

.42 

.40 

.55 
1.20 
1.50 
3 .70  
4 .25  
7 .70  
4.95 
1.80 

27.60 
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Average 

-- 
.94 
.60 
.55 
.51 
.47 
.84 

1 . 3 2  
3 .41  
5.44 
6.18 
4 .06  
1.88 

26.21 
L__- 

somewhat higher than the evaporation from the land, especially 
during the fall months. The evaporation from the land is com- 
paratively low during the fall because the available supply of 
moisture has been depleted by the high rates of transpiration 
and soil evaporation during the growing season. 

Table 31.-Monthly Evaporation on Drainage Area Above Wright Station, in 
inches, 1915 to 1919, inclusive 

Month 

October. . . .  
November. . 
December. . 
January.. . .  
February.. . 
March. . . . .  
April. . . . . . .  
May . . . . . . .  
June. . . . . . .  
July. . . . . . .  
August.. . . .  
September. . 

1915 

-- 
1.04  

.67 

.67 

.55 

.47 

.80 
1.20 
1 .70  
5.15 
7 .60  
4 .15  
2.60 

Total. . . . . .  I 26.60 

1916 

1.18  
.57 
.60 
.55 
.48 
.85 

1.17 
3 .90  
6.30 
4 .05  
2.60 
1 .so 

24.15 

Years 

1917 

.63  

.57 

.55 

.55 

.45 

.75 
1.15 
3 . 6 0  
7.20 
5 .65  
2 .65  

t95 

24.70 - 

1918 

1.20 
.70 
.53 
.52 
.40 
.60 

1.60 
4.15 
4 .30  
5.90 
5 .95  
2 .15  

28.00 - 

Average ' 
Evaporation' 

from 
Water Surface 

4.58 
2.35 

. . . . . . . . . . . .  

. . . . . . . . . . . .  

. . . . . . . . . . . .  

. . . . . . . . . . .  
3 .05  
4.73 
5 .99  
6.37 
6 .81  
6 . 1 1  I 

. . . . . . . . . . . .  -- 
*Based on records taken at Columbus, 1907-1908. 

Table 32.-Seasonal Evaporation in Mad River Valley Above Wright, 
in Inches 

Season 

1915 1 1916 

Replenishing Period. . . . .  2 .38  2.35 
Storage Period. . . . . . . . . .  I 3.02  3 .05  
Growing Period. . . . . . . . .  21.20 18 .75  

Total . . . . . . . . . . . . . .  . I  26.60 I 24.15 

Years 

1917 I 1918 1 1919 

Average 

24.70 128 .00  127 .60  1 2 6 . 2 1  

Table 32 gives the seasonal evaporation for the Mad River 
Valley calculated from the data in table 31. The data indicates 
that, on the average, about 80 per cent of the annual evaporation 
occurs in the growing period, during the months of  May to Sep- 
tember, inclusive. This leaves only 20 per cent for the replenish- 
ing and storage periods, or  the seven months from October to 
April, inclusive. 



CHAPTER VI.-RAINFALL AND RUNOFF 
DURING 1913 FLOOD 

The flood of March, 1913, was not only the most severe of 
which there is record in this valley, but as  regards damage was 
also the greatest that  has occurred in the eastern half of the 
United States since the days of first settlement, or  since floods 
first began to attract  attention. A description of this flood and 
of the damage i t  wrought has been published in a n  earlier report.” 

It was caused primarily by hard rains which commenced on 
March 23, and continued with but little interruption until the 
27th. Contributing factors were a saturated soil when the rain 
began, as a result of previous rains, and low temperatures which 
reduced evaporation to insignificant rates and affected the per- 
colation of water through the soil. 

Being the maximum flood on record it was necessary, of 
course, to make detailed investigations of the rainfall and runoff 
for use in the design of the flood prevention works. The hy- 
draulic design of the works has been described in vo!ume VI1 of 
the technical reports.? The results of such studies were also 
needed in determining the benefits and damages resulting from 
the construction of the retarding basins. 

This chapter will give the rainfall and runoff date secured, 
and will discuss the various studies which were made imme- 
diately following the flood. 

RAINFALL 

The daily rainfall over the Miami River drainage area dur- 
ing the storm of March, 1913, is shown in figure 41. Maps are  
included showing one-inch isohyetals for the 24-hour periods end- 
ing a t  7 p. m. of March 23, 24, 25, and 26. A map for  March 27 
has not been reproduced because the precipitation on that day 
amounted to only about half an  inch. Figure 42 shows the total 

*The Miami Valley and the 1913 Flood, by Arthur E:Morgan, Chief 
Engineer, Technical Reports, Part I, The Miami Conservancy District, 
Dayton, Ohio, 1917. 

*Hydraulics of 
Technical Reports, 
Ohio, 1920. 

the Miami Flood Control Project, by 
Part VII, The Miami Conservancy 

177 

S. M. Woodward, 
District, Dayton, 
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0 
LIMA 2.m 

KENTW 2.0 

r?trnlLLC 0.35 

MP DENNISOXO.02 
SCALE cf MILES 

Rainfa// o f  March 23 

Rain fa// of March 25 

L A  /.3c 1 KENmNI.50I 

Rainfa// o f  March 26 
' FIG. 41.-DAILY RAINFALL OVER THE MIAMI VALLEY DURING 

THE STORM OF MARCH, 1913. 
The amounts recorded at the various .stations are indicated by the 

,-, . f i g u z w e n  after the names of the stations. 
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Rainfa//, March 23 and 24 Rainfa//, March 23 fo  251ncL 

Rain fa/. Mmch 23 t o  26 /nd 
~ 

Rainfa//. March 23 f o  27incL 
FIG. 42.-CUMULATED RAINFALL OVER THE MIAMI VALLEY DUR- 

ING THE STORM O F  MARCH, 1913. 
Rainfall shown on each map is the total from the beginning of the 

storm up to 7 p. m. of the second date noted under the map. a ' .  . .: 
L . .  
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accumulated precipitation for the periods ending a t  7 p. m. of 
March 24, 25, 26, and 27. 

The amounts of rainfall recorded a t  the various places where 
gages are maintained are  shown by the figures placed after the 
names of the stations. At the rivgr stations, where the rainfall 
is measured in the morning, the amounts estimated for  the 24- 
hour periods ending at 7 p. m. are enclosed in brackets. 

Fortunately there were a number of well distributed rain 
gages in this part  of the Ohio Valley in 1913. Reports from 
about 50 stations were utilized in the preparation of figures 41 
and 42, many of which were outside the area shown on the maps, 
some being in Indiana and Kentucky. Although Dayton was the 
only regular Weather Bureau station located within the Miami 
Valley a t  that  time, there were several in nearby cities, as a t  
Cincinnati, Indianapolis, Fort Wayne, Toledo, Sandusky, and 
Columbus. Only a partial graphical record of rainfall was se- 
cured a t  Dayton. Owing to the flooding of the business section 
of the city, in which the office is located, the triple register could 
not be kept in operation, the clock stopping a t  4:30 p. m. on 
March 25. 

Figure 43 shows the distribution of the precipitation, as  re- 
gards time, a t  the above mentioned regular stations, platted from 
data published by the U. S. Weather Bureau in Bulletin Z.* 
The abscissas represent time, and the ordinates, the amount of 
rainfall in inches per hour, the amounts being shown by horizon- 
tal lines extending through the hours in which they occurred. 
Since the actual amounts used in platting the horizontal lines 
were usually, for one-hour periods, the ordinates, in such cases, 
indicate the total precipitation for each hour as well as the rate. 
The total rainfall for  any length of time a t  a given station is 
represented by the area under the portion of the curve corre- 
sponding to that time; that  is, by the product of the rate and its 
duration. a 

Hourly readings were not available for March 27, or for 
March 26 a t  Fort  Wayne. The precipitation in the latter in- 
stance, and probably in the former a t  some stations, was in the 
form of snow. Since the precipitation was small in both cases 
the rates have been computed and platted as having continued 

*The Floods of 1913 in the Rivers of the Ohio and Lower Mississippi 
Valleys, by Alfred J. Henry, Meteorologist, Bulletin Z, U. S. Weather 
Bureau, Washington, D. C., 1913. 
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FIG. 43.-HOURLY RAINFALL AT STATIONS NEAR THE MIAMI 
VALLEY DURING THE STORM O F  MARCH, 1913. 

Based on graphical records a t  the U. S. Weather Bureau stations. 
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uniformly throughout the 24 hours. The actual rainfall on the 
27th probably ended by evening or  sooner. 

It will be noticed that the rain seemed to occur in showers a t  
the various stations, the showers' being a little more intense at 
Cincinnati and Dayton than at the other cities. The times of oc- 
currence of the principal showers a t  the different places seem to 
agree fairly well. Consequently, a curve has been added showing 
the average hourly amount based on the seven actual records. 
Although the total precipitation over the Miami Valley above 
Dayton determined from the isohyetal map in figure 42 amounted 
to 9.60 inches while the total determined from the curve in figure 
43 amounted to only 6.40 inches, this curve is the only available 
indication of the rainfall distribution above Dayton. 

It appears that  the rainfall began during the morning of the 
23rd and continued during the greater part of the day, ending 
a t  about the time the daily readings were being taken by the co- 
operative observers. The average over the Miami Valley above 
Dayton amounted to 1.20 inches. The precipitation was heaviest ' 

in the northern part  of the drainage area. The rain began again 
about midnight and fell almost continuously throughout the 24th, 
25th, and 26th. On the 24th the total up t o  7 p. m. averaged 2.20 
inches above Dayton, the greatest precipitation occurring over 
the headwaters of Twin Creek, further south than on the pre- 
ceding day. The greatest rainfall occurred on the 25th, averag- 
ing 4.11 inches, and registering a maximum of 5.61 inches a t  
Bellefontaine, about 55 miles northeast of Dayton. It was on 
the morning of this date that the rivers, which had been steadily 
rising, overtopped the levees in the principal cities. Near the 
following midnight the highest stages were attained a t  places 
between Dayton and Hamilton. On the 26th the average rain- 
fall amounted to 1.62 inches; on the 27th it amoupted to 0.47 
inches. The latter was of little consequence, however, as the 
waters were then everywhere receding rapidly. 

RUNOFF 

Unfortunately there were only three river gages in the Miami 
Valley a t  the time of the flood. These were the gages maintained 
by the U. S. Weather Bureau at Piqua and Dayton and by the 
U. S. Geological Survey a t  Hamilton. Discharge measurements 
during flood stages had been secured only a t  Hamilton. 

During the summer and fall following the flood, extensive 
hydrographic surveys were made for the purpose of determining 



RAINFALL AND RUNOFF 183 

the maximum rates of discharge a t  various places along the 
streams. These surveys and the methods used in calculating the 
maximum rates of runoff have been described in an earlier re- 
port.* - The results obtained are shown on the map in figure 44. 
At each location where measurements were made the quantities 
are indicated by means of a fraction and a quotient. The num- 
erator represents the maximum total rate of 'discharge in second 
feet a t  the given place; the denominator, the drainage area in 
square miles above that place; and the quotient, the maximum 
rate of runoff in second feet per square mile over the given drain- 
age area. It will be noticed that the rates of runoff are unusually 
high at all places. However, in the case of the smaller drainage 
areas, these rates continued for but small fractions of a day. 

Figure 45 shows the hydrographs of the 1913 flood at  Piqua, 
Dayton, and Hamilton. These were determined as accurately 
as possible from the gage-readings taken during the flood, from 
the maximum rates of discharge based on the surveys, and from 
current meter gagings made during subsequent smaller floods. 
The rates of runoff in inches per day over the drainage areas 
are platted as ordinates, and the times, as abscissas. For com- 
parative purposes the average curve of hourly rainfall obtained 
in figure 43 has also been included. 

It will be noticed that the rates of runoff above Piqua were 
lower than those above Dayton and Hamilton, throughout the 
entire flood period. The rates above Dayton and Hamilton agre;! 
very well. It is believed that the reasons for the lower rates, 
of runoff above Piqua are  the less intense precipitation above 
that station, the storage in the Loramie and Lewistown reser- 
voirs, which has been estimated to be equivalent to a depth of 
about a quarter of an inch over the total drainage area above 
Piqua, and the somewhat less rolling topography in the upper 
parts of the valley. 

Considering the steeply rising portions of the hydrographJ 
there seems to have been a difference in time of about 6 hours 
between the Piqua and Dayton curves, and of about 8 hours be- 
tween the Dayton and Hamilton curves. It will be noticed that 
a t  Piqua the river reached its crest at about 10 o'clock Tuesday 
morning, March 25, and then remained stationary about four 
hours. At Dayton, however, the maximum stage was not reached 
until about midnight Tuesday, although the river was within a 

*Calculation of Flow in Open Channels, by Ivan E. Houk, Technical 
Reports, Part IV, The Miami Conservancy District, Dayton, Ohio, 1915. 
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FIG. 44.-MAXIMUM RATES OF RVNOFF IN THE MIAMI VALLEY 
,DURING THE FLOOD OF MARCH, 1913. 

The figures are written opposite the places at which measurements 
.. - . ._..were ,. made subsequent to the flood, and give the runoff in second feet per 

. .  ' square mile as indicated in the lower right hand corner. 
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foot' of its highest stage at noon. 'At Hamilton 
reached at about 3 a. m. Wednesday, March 26. 
made within a few weeks after the flood showed 
water River just above Dayton reached its crest 

the crest was 
Investigations 
that the Still- 
at about. noon 

Tuesday; that the Miami River above its junction with the Still- 
water reached its crest a t  about 7 p. m. Tuesday evening; and 
that the Mad River above the Miami reached its crest a t  about 
midnight Tuesday. In each case the river remained practically 
stationary for a few hours before i t  began to fall. Consequently 
the highest stage a t  Dayton was due to the coordination of the 
highest stages in the Upper Miami and Mad Rivers. If the crest 
in the Stillwater had been delayed a few hours the stage at  
Dayton would have been higher than i t  actually was. 

Owing to the distribution of the most intense rainfall as re- 
gards drainage areas as well as regards time, the highest stages 
in the various streams were caused by the local runoff rather 
than by the runoff from the upper drainage areas. No indica- 
tions of the occurrence of a definite flood wave were found, ex- 
cept, possibly, in the case of Mad River. In this instance the 
investigations seemed to indicate a difference in the time of crest 
of about 12 hours between Springfield and Dayton, a distance of 
about 25 miles. The comparatively slow movement of the crest 
was due to the great amount of storage in the valley. The Still- 
water River was a t  its crest a t  practically the same time from 
Covington to Dayton, a distance of about 30 miles; as was also 
the Miami from DeGraff to Tippecanoe City a distance of about 
45 miles. 

. 

RELATION OF RUNOFF TO RAINFALL 
Reference to figure.45 shows that while the rainfall curve 

is comparatively irregular the runoff curves are comparatively 
smooth. This is because the runoff curves are for large drain- 
age areas, 842 to 3672 square miles. In such cases the irregu- 
larities of the rainfall tend to be eliminated by the effects of stor- 
age on the ground and in the numerous small tributary drains, 
as well as by the time required for the runoff to reach the main 
streams. The conditions may be said to be analagous to  the op- 
eration of a retarding basin, the rainfall curve corresponding to 
the inflow to the basin, and the runoff curves, to the outflow. The 
runoff curve for a drainage area of a few square miles would un- 
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doubtedly have shown irregularities corresponding to those in 
the rainfall curve. 

It will be noticed that considerable rainfall occurred during 
the first two (days, while in the same period there was compara- 
tively little runoff. It also appears that  when the rainfall ceased 
rather abruptly, the runoff continued ,for several days after- 
wards. This condition was due to the surface storage mentioned 
above, the water held by the small depressions and irregularities 
in the surface of the ground, as well as in the stream channels, 
draining out gradually after the rainfall ceased. 

In  order to consider properly the total surface runoff result- 
ing from the rainfall of March 23 to  27, it is necessary to keep 
in mind the weather and ground conditions preceding the storm. 
January was an  unusually wet month, the total precipitation, 
which was well distributed through the month, amounting to 
over seven inches. February was drier than usual, the rainfall 
totaling an inch less than the normal of three inches for  that 
month, and occurring mostly in the last three days. March was 
wet throughout. From the first to the 21st moderate rains were 
recorded at all of the gaging stations on about ten days. On the 
21st the precipitation throughout the valley averaged nearly a 
half an  inch. 

It is evident from these conditions that a t  the beginning of 
the rain on March 23 the ground was fully saturated, that  the 
ground water flow was greater than usual, and that there was 
some surface runoff in the streams as a result of the precipi- 
tation of March 21. The latter factor can be eliminated in the 
determination of the flood runoff, caused by the storm of March 
23 to 27, by totaling the runoff only to the time when the amount 
of water in the stream channel was the same as when the flood 
began. This time was estimated to  be in the evening of March 31. 

However, the effect of the ground water flow must be al- 
lowed for in a different manner, since some runoff was being 
maintained by underground storage during the entire flood 
period. From a study of the daily discharges before and after 
the flood it is estimated that 0.05 of an inch per day should be 
deducted from the total runoff, in order to obtain the true sur- 
face, or flood, runoff. As nearly as can be determined this 
amount would be the same for Piqua, Dayton, and Hamilton. 

Figure 46 shows mass curves of rainfall, flood runoff, and 
retention for  the flood of March, 1913. Rainfall and retention 
curves are  shown only for the total drainage area above Dayton ; 
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flood runoff curves are  shown for Piqua, Dayton, and Hamilton. 
The rainfall curve was calculated from the average curve shown 
in figure 45, arbitrarily raising the latter so that the total pre- 
cipitation for each day agreed with the value determined from 
the isohyetal map in figure 41. The flood runoff curves were 
likewise calculated from the rate curves of figure 45, deducting 
the ground water flow from the total, as mentioned above. The 
retention curve is simply the difference between the rainfall 
curve and the Dayton flood runoff curve. 

. 

FIG. 46.-RAINFALL, RUNOFF, AND RETENTION DURING THE 
FLOOD OF MARCH, 1913. ' 

Curves show total values of the various quantities up to any instant. 

The retention represents soil absorption, evaporation, and 
storage on the ground and in the streams. That soil absorption 
and evaporation were comparatively unimportant during this 
flood is indicated by the fact that  the curve falls rapidly after 
the most intense precipitation ceased, reaching a value of about 
0.84 inches by the evening of March 31. That this would be true 
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was indicated, of course, by the previous rainfall and weather 
conditions described above. 

The maximum retention occurred a t  about 8 a. m., March 
25, amounting to 5.50 inches. If i t  is estimated that the total 
soil absorption and evaporation up to this time had amounted to 
a half an  inch, the storage on the ground and in the streams 
would be about 5 inches. Of this amount i t  is probable that the 
proportion held in the main channels and in the adjacent over- 
flow sections was about 2 inches, and the portion held in the 
small streams and ponds and on the ground s,urface, about 3 
inches. 

Table 33 gives the daily rainfall and flood runoff for each 
day of the flood, for Piqua, Dayton, and Hamilton. The values 

29 . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

3 1  . . . . . . . . . . . . . . . . . . . . . . . . . . .  
30 . . . . . . . . . . . . . . . . . . . . .  ' I . . . . . .  

Totalsfor flood..  . . . . . . . . . . . . .  9 . 3 8  

Ratio of runoff to rainfall. . . . . . . . . . . .  

Total retention, in inches.. . . . . . . . . . . .  

Table 33.-Daily Rainfall and Runoff Above Piqua, Dayton, and Hamilton 
During the 1913 Flood, in Inches 

0 . 4 6  . . . . . .  0 . 4 6  
0 .32  . . . . . .  0.26 
0 .29  0 .16  

6 . 8 5  9.60 8 .76  

7 3 . 0  . . . . . .  91 .2  

2 .  F3 . . . . . .  0 84 

---- . . . . . .  

Piqua 1 Dayton I Hamilton 
Date 

9 .57  

. . . . . .  

. . . . . .  

March 23 . . . . . . . . . . . . . . . . . . . . .  1 .57  . . . . . .  1 .20  . . . . . .  
24 . . . . . . . . . . . . . . . . . . . . .  I 1 . 7 7  1 0 . 4 3  1 2 . 2 0  1 0 . 2 5  

8 . 2 1  

8 5 . 8  

1 . 3 6  

25 . . . . . . . . . . . . . . . . . . . . .  
26 . . . . . . . . . . . . . . . . . . . . .  
27 . . . . . . . . . . . . . . . . . . . . . .  
28 0.64 . . . . . .  0 . 7 9  

of daily rainfall were obtained from the isohyetal maps in figure 
41, and the values of daily runoff, from the mass curves of fig- 
ure 46. The amounts are for the 24 hours ending at 7 p. m. in 
all cases. Total quantities for  the flood period and ratios of total 
runoff to total rainfall are  given at the bottom of the table. 

It will be noticed that the total runoff at Piqua was somewhat 
smaller than a t  Dayton and Hamilton. The total a t  Piqua 
amounted to  6.85 inches, or  to only about 73  per cent of the rain- 
fall, while the total a t  Dayton was 8.76 inches, or about 91 per 
cent of the rainfall, and at Hamilton, 8.21 inches, or about 86 
per cent of the rainfall. The total amounts at Dayton and Ham- 
ilton agree very well. The conditions believed to be responsible 
for  the smaller runoff above Piqua have already been mentioned. 

. . .  '4 - . \ i '  -" 196 .  
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CHAPTER VI1.-RAINFALL AND RUNOFF DURING 
FLOODS SINCE MARCH, 1913 

Since March, 1913, only floods of nominal size have occurred 
in the Miami Valley. During the 1913 flood, the maximum stage 
at Dayton was 29 feet, or 6 feet above the levees. The highest 
water since that time was during the flood of April, 1920, when 
the maximum stage was 16.2 feet, 0.r about 7 feet below the 
tops of the levees. Practically no flooding has occurred within 
the cities during this period although farm lands near the var- 
ious streams have been flooded several times. However, this 
flooding generally occurred during the winter and early spring 
months, when but little if any damage was sustained. 

. 

RAINFALL, RUNOFF, AND RETENTION 
DURING FLOODS 

Table 34 gives the total rainfall, runoff, and retention in 
inches, and the ratio of the total runoff to the total rainfall, in 
per cent, for the larger floods. The dates of the storm periods 
are given in the table headings. The dates of the flood periods 
have not been indicated. In general, however, they began shortly 
after the storm rainfall began and continued from two to five 
days after the rainfall ceased, the exact time, of course, varying 
with the-nature of the storm and with the topography and extent 
of the drainage area. For comparative purposes the sizes of the 
drainage areas above the various stations, have been included. 
The topography and geology of the Miami Valley have been dis- 
cussed briefly in chapter I.\ A map of the valley showing the 
gaging stations is given in figure 1, page 17. 

The values of rainfall included in the table are averages for 
the drainage areas, for the entire storm periods. They were de- 
termined by planimeter measurements on isohyetal maps, simi- 
lar to those in figures 41 and 42, pages 178 and 179. The values of 
runoff represent the total flood or  surface runoff caused by the 
indicated rainfall. The run&€ maintained by the ground water 
storage has been deducted in each case, as in the determination 
of the 1913 flood runoff. .The values of retention are simply the 
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differences between the storm rainfall and the flood runoff. The 
value for a given storm includes the total a m o h t  of moisture 
taken up by the soil and the total evaporation ldvring the storm , 

period. Storms are arranged chronologically. 
The data for thenlarger drainage areas is believed to  be more 

accurate than most similar data which has been published. The 
valley is well supplied with rainfall stations, as shown in figure 
1 ; the rating curves on the principal streams have been well de- 
veloped; and the main portions of the flood hydrographs were 
determined by special readings taken every hou? or every two 
hours. While the data for the smaller areas is not so accurate, 
it is believed that with one or two exceptions the errors are not 
excessive. 

DESCRIPTIVE NOTES 

On account of the condensed form in which the data in table 
34 is presented i t  has not been feasible to include descriptive 
notes. Since such notes are desirable in any study of the sub- 
ject, they are given in the following paragraphs. 

July 7-8, 1915 . . .  

The-rainfall in the Miami Valley during the storm of July 
7 to 8, 1915, was most intense .in the evening of the 7th, from 
about nine to about ten o'clock. Practically the entire precipi- 
tation fell sometime during that evening, only a few hundredths 
of an inch falling after midnight. Although a half an inch fell 
on the 11th and 12th, it  has not been included in the storm as 
i t  caused no surface runoff. The most intense precipitation at 
Moraine Park has been shown graphically in figure 9, page 80. 

The soil 'mo'isture experiments carried on a t  Moraine Park, 
described in chapter 111, show 'that the soil was not saturated 
when' the rain began, although some rain had fallen each day 
during the period from July 1 to 5, inclusive, and although the 
total' precipitation during the month of June had been slightly 
greater than normal. In fact, observations made. on the 8th; 
after 'the rain had' ceased, showed. that even then the soil was 
not saturated to a depth of 6 inches. 

Highest' 
stages. were irecorded sometime during the 8th in the.,upper pori 
tions'ipf the::valley-;;-oi. the morning of the 9th at Dayton; and 
during the evening .of the 8th. at 'Hamilton.; the crest a t  Kamilton .., g g 

The streams'began rising about 9 p. m. of the 7th. 
. 
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being caused by heavy runoff from the areas below Dayton. The 
streams then fell rapidly, reached normal stages by the 14th 
in all cases. 

Dec. 24, 1915-Jan. 7, 1916 

The flood of the last of December, 1915, and the first of Jan- 
uary, 1916, was due to rain falling on a partially melted accu- 
mulation of snow. Precipitation occurred nearly every day dur- 
ing theperiod from December 24 to January 7. During the last 
of December the temperature at Dayton varied from a few de- 
grees below the freezing point to a few degrees above, so that 
the precipitation was sometimes snow and sometimes rain. 
Above Dayton the temperatures were slightly lower. The result 
was that by the end of the month there was an accumulation of 
from 6 to 12 inches of snow above Dayton. This was melted by 
a rainfall of from one to one and a half inches falling on January 
1 and 2. 

Some flood runoff occurred during the last of December. 
However, the main part  of the flood began on the morning of 
January 1. The highest stages were reached sometime during 
the 1st or 2nd, at all places except Hamilton. At this station the 
crest occurred early in the morning of the 3rd. The surface 
runoff had drained out completely by the 10th. 

The rainfall during November: and the first three weeks of 
December was not greatly different from normal; so that the 
ground was practically saturated when the storm began. As no 
cold waves had occurred up to that time the ground could not 
have contained any appreciable amount of frost. 

January 10-13, 1916 

The most intense precipitation during the storm of January 
10-13, 1916, occurred on the 12th, although appreciable amounts 
fell on each of the other dates. On the loth, the first day of the 
storm, the average rainfall over the different drainage areas 
varied from 0.15 inches in the Miami Valley above Piqua, to 0.37 
inches in the Buck Creek Valley. On the l l t h ,  the amounts were 
about the same except that they were slightly heavier below Day- 
ton. On the 12th, the amounts varied from 0.51 inches in the 
Buck Creek Valley to 1.14 inches above Germantown. The fol- 
lowing day, the last day of the storm, the rainfall was compar- 
atively light below Dayton. However, above Dayton it varied 
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from an average of 0.06 inches in the Stillwater Valley to 0.54 
inches in the Buck Creek Valley. 

The precipitation occurred as rain on the loth, l l t h ,  and 12th, 
but changed to snow on the 13th, as  the temperature fell with 
the passing of the storm. 

The streams began rising on the l l t h  and reached their high- 
est stages on the 13th. They then fell rapidly reaching normal 
stages by the 17th or 18th. 
' 

The weather and soil conditions during the last of Decem- 
ber, 1915, and the first few days of January, 1916, are indicated 
by the description of the preceding storm. Comparatively low 
temperatures from January 6 to 8, inclusive, froze the ground 
to a depth of from three to  five inches, as indicated by observa- 
tions at Moraine Park. Consequently, the conditions were con- 
ducive to high rates of runoff. 

January 26-31, 1916 

The storm of January 26 to 31, 1916, followed close after the 
storm of January 10 to 13. The weather from the 13th to the 
19th, inclusive, was cold with temperatures as low as 3 degrees 
below zero at Dayton. Consequently the soil, which had been 
saturated by the preceding storm, froze to a depth of several 
inches. The weather warmed up on the 20th, and from a quar- 
ter to  a half an inch of rain fell each day on the 20th, 21st, and 
22nd. From the 23rd to the 26th the weather was warm and fair. 

Only a few hundredths of an inch fell on the 26th. On the 
27th, 28th, and 29th, the precipitation over the different areas 
varied from 0.06 to 0.34 inches, from 0.18 to 0.45 inches, and 
from 0.38 to 0.69 inches, respectively. On the 30th and 31st 
the most intense precipitation occurred. The amounts varied 
from 0.67 inches above the Buck Creek station to 1.57 inches 
above West Milton, on the 30th; and from 0.41 inches above 
Springfield to 0.94 inches above Lockington, on the 31st. 

The rivers began rising on the 28th, reached their highest 
stages on January 31 and February 1, and then fell rapidly reach- 
ing comparatively low stages by February 6 in all cases. The 
rate of falling was increased somewhat by the comparatively cold 
weather which followed the storm. 

March 21-22, 1916 

Practically all of the rainfall during the storm of March 21 
to 22, 1916, fell on the 22nd, only a few hundredths of an inch 
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falling on the 21st. The soil was saturated due to the precipita- 
tion of the preceding part of the winter but was not frozen. Al- 
though some snow had fallen during the earlier part of the 
month, i t  had all melted by the 21st. 

stages on the 22nd or 23rd, and. then fell rather slowly. The 
flood runoff has been determined for the period beginning on the 
21st and ending on the 26th. Flood runoff after the 26th was 
not 'included because the following storm began on the 25th. As 
there was still some surface runoff in' the streams on the 26th, 
caused by the storm of the 21st and 22nd, the values given in 
the tables'may be slightly low for this storm and slightly high 
for the, following one. 

The rivers began rising on the 21st, reached their highest . 

March 25-28, 1916 

Only a few hundredths of an inch fell on the 25th. On the 
26th the average precipitation for the different drainage areas 
varied from 0.28 to 1.07 inches, the greater amounts falling in 
the lower porbions of the valley. On the 27th the values varied 
from 0.35 to 1.81 inches, the greater amounts on this date fall- 
ing on the Mad River drainage area. The precipitation on the 
28th was comparatively small, the averages for the various ba- 
sins varying from 0.04 to 0.24 inches. 

The streams began rising again on the 26th, reached their 
highest stages on the 27th and 28th, and then fell rapidly. By 
April 3 the surface runoff had entirely passed the city of Ham- 
ilton, the lowest station included in the table. 

May 6-7, 1916 

The entire precipitation in this storm fell during the night of 
May 6 and 7 .  Although a few hundredths of an inch fell during 
the period from May 10 to 13, no surface runoff resulted and con- 
sequently the amounts have not been included in the table. 

The ground was fairly wet when the rain began, due to the 
rains of April and of May 2,3, and 4, but was not fully saturated. 
Evaporation and transpiration rates were considerably higher 
than they had been dtr ing the preceding months, but had not 
yet reached their maximum summer values. 

The streams rose rapidly, reaching their crest stages on the 
7th and 8th, and then fell rapidly. By the 13th the stage a t  Ham- 
ilton had fallen to a normal value. 
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January 3-6,1917 

The most intense precipitation during the storm of January 
3 to 6, 1917, fell on the 5th and 6th. The rainfall on the 3rd and 
-4th was comparatively light, amounting to only a few hundredths 
of an inch each day. On the 5th and 6th the total amounts var- 
ied from 1.67 inches in the Miami Valley above Sidney and in 
the Buck Creek Valley above Springfield to 2.12 inches in the 
Twin Creek Valley above Germantown. 

The soil was practically saturated when the rain began and 
was not frozen, although some freezing weather had occurred 
during the preceding month. There was no snow on the ground. 
The precipitation during the entire storm was in the form of 
rain. 

The rivers began rising on the'5th, reached their highest 
stages on the 5th and Eth, and then fell steadily. The total flood 
runoff had passed Hamilton by the 10th. 

March 11-14,1917 

The heaviest rainfall during the storm of March 11 to 14, 
1917, fell on the 13th, the amounts on that day varying from 0.95 
inches above the Wright, Seven Mile, and Four Mile stations, 
to 1.49 inches above Pleasant Hill. The rainfall averaged about 
a half an inch throughout the valley on the l l t h ,  and from 0.05 
to 0.37 inches on the 12th, the heaviest precipitation on the lat- 
ter date falling in the southern part of the valley. On the 14th 
the rainfall varied from 0.07 inches in the Mad River Valley to 
0.38 inches in the Seven Mile basin. 

The ground was saturated when the rain began due to the 
precipitation of the preceding winter. The rainfall was greater 
than normal during January. Although the precipitation was 
less than normal during February the meteorological conditions 
were not such as to dry the ground to any appreciable depth. 
Some rain fell in the valley on each day of March preceding the 
storm except the ls t ,  9th, and 10th. 

The rivers began rising on the l l t h ,  fell slightly on the 12th, 
and then began rising again on the 13fh, reaching crest stages 
on the 13th and 14th. The flood runoff had passed Hamilton 
by the 20th. 

Light rainfall occurred on the 16th, 17th, and 18th, but no 
surface runoff was caused and consequently the amounts have 
not been included in the table. 

. 
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June 26-29, 1917 
Only a few hundredths of an inch fell on June 26, the first 

day of the storm. On the 27th, the average precipitation on the 
different drainage areas varied from 0.48 inches above Locking- 
ton to 1.08 inches above Wright. On the 28th, the amounts var- 
ied from 0.63 inches above Germantown to 1.13 inches above 
Springfield. On the 29th, the rainfall varied from 0.03 inches in 
the Buck Creek Valley to 0.56 inches above Sidney and Tadmor. 

The ground was in ordinary June condition, being neither 
unusually dry nor unusually wet. Although considerable pre- 
cipitation had occurred during the preceding part of the month it 
had been utilized by the comparatively high evaporation and 
transpiration rates which occur during this part of the year. 

The streams began rising on the 28th, reached their highest 
stages on the 28th and 29th, and then fell slowly. The total sur- 
face runoff had passed Hamilton by the 5th. 

Although some precipitation occurred on July 2, no appre- 
ciable surface runoff resulted. Consequently the amounts have 
not been included in the table. 

July 12-17, 1917 
The storm of July 12 to 17, 1917, followed close after the 

preceding described storm. The rainfall on July 12 varied from 
0.22 inches above Germantown to 0.88 inches above Sidney. On 
the 13th the amounts varied from 0.17 inches above Sidpey to 
0.47 inches above Pleasant Hill. On the 14th, the day of heav- 
iest precipitation, the amounts varied from 0.65 inches in the 
Four Mile Creek Valley to 1.72 inches above Sidney. On the 15th 
the precipitation was comparatively light, the amounts being 
less than a quarter of an inch except in the upper Miami Valley 
where they varied from 0.29 inches above Tadmor to 0.39 inches 
above Lockington. The rainfall was light throughout the valley 
on the 16th. On the 17th, the last day of the storm, the amounts 
varied from 0.11 inches above Lockington to 1.17 inches in the 
Four Mile Creek basin. The ground was fairly wet when the 
rain began, due to previous rainfall, but was not saturated. 

The rivers began rising on the 13th, reached their maximum 
stages on the 14th and 15th, and then fell slowly, The total flood 
runoff had passed Hamilton by the 22nd. 

Dec. 28, 1917, to Feb. 15,1918 
The flood of February, 1918, was caused almost entirely by 

melting snow. The winter of 1917 and 1918 was note6 for  its 
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severity. The occurrence of heavy snows and severe cold waves 
began early in December. The greater part of the precipitation 
between December 3 and February 11 occurred as snow, the 
temperature being below freezing the greater part of the time, 
sometimes several degrees below zero. 

The ground froze to a depth of a few inches during the cold 
period from December 6 to 18, but thawed out and became sat- 
urated during the warmer period from the 19th to the 27th. 
The snows of the early part of December melted during the 
latter period, the melting being hastened somewhat by light 
rainfall occurring on the 23rd, 24th, and 25th. The ground then 
froze again, due to colder weather, and remained frozen until 
the thawing period of February. 

During the period from December 28 to January 3, inclusive, 
the snowfall throughout the valley was equivalent to about 0.65 
inches of rein. This snow was partially melted by a rainfall of 
about an inch occurring during the period from the 5th to the 
8th. Freezing weather began again, however, before much sur- 
face runoff could occur. From January 11 to February 6 the 
snowfall.was equivalent to about 2 inches of rain. The actual 
amounts varied from 1.60 inches above Lockington to 2.58 inches 
above the Four Mile Creek station. From February 7 to 15 
the precipitation amounted to about a half an inch throughout 
the valley. This was in the form of rain and was distributed 
over several days time. 

However, the principal 
flood runoff began February 9. The streams rose rather ir- 
regularly reaching their highest stages on the 12th or 13th. Ice 
jams occurred in many places. The flood runoff had drained 
out by the 18th. 

Small rises occurred in January. 

May 11-13, 1918 

The most intense precipitation during the storm of May 11 
to 13, 1918, fell on the 12th and 13th, less than a half an inch 
falling on the 11th. The soil was in ordinary May condition 
when the rain began. It was not saturated although the pre- 
cipitation during the preceding month had been greater than 
normal. 

The streams began rising on the 12th, and reached their 
highest stages on the 13th. They then fell rather uniformly, 
reaching normal stages by the 18th or 19th. 
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August 25-31,1918 
The precipitation during the storm of August 25 to 31 was 

heaviest (in the Mad River Valley although heavy rainfall oc- 
curred throughout the Miami River drainage area. Only a few 
hundredths of an inch fell on the 25th. However, the rest of 
the precipitation. was distributed rather uniformly throughout 
the remainder of the storm period. 

The soil was neither unusually dry nor unusually wet when 
the rain began. The streams in the Mad River Valley began 
rising on the 30th and reached crest stages on the 30th or 31st. 
But little, if any, flood runoff occurred in the other portions 
of the valley. By September 3 the total surface runoff had 
passed Hamilton. 

March 14-19,1919 

Although the precipitation during February and the first 
part of March had been less than normal, the ground was prac- 
tically saturated when the storm of March 14 to 19, 1919, began. 
The precipitation on the 14th was comparatively light, amount- 
ing to only a few hundredths of an inch. The heaviest rainfall 
of the storm occurred on the 15th. The total precipitation on the 
14th and 15th, up to 7 p.m., of the latter date, varied from 1.15 
inches above Sidney to 2.47 inches above the Four Mile Creek 
station. On the following day the rainfall was not quite so 
intense, the amounts varying from 0.77 inches in the Buck Creek 
Valley to 1.54 inches in the Twin Creek Valley. On the 17th 
and 18th the rainfall was nearly uniform throughout the Miami 
Valley, the total amounting to about 0.75 inches on the 17 th  and 
to about 0.25 inches on the 18th. Only a few hundreds of an 
inch fell on the 19th. The intensities a t  Moraine Park on the 
15th, 16th, and 17th, are shown in figure 10, page 81. 

The rivers began rising on the 15th, reached their crest 
stages on the 16th and 17th, and then fell uniformly, reaching 
normal stages in all parts of the valley by the 24th. 

April 15-21, 1920 

The storm of April 15 to 21, 1920, caused the highest stage 
that has-occurred at Dayton since the great flood of March, 
1913. Only a few hundredths of an inch fell on the 15th. On 
the 16th the precipitation was considerably heavier. The total 
amounts for the 15th and 16th varied from 0.83 inches in the 
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Seven Mile Valley to 1.92 inches above Sidney. 

o 203 

Averages vary- 
ing from 0.25 to 0.50 inches per day over the valley fell, on the 
17th, 18th, and 19th. On the 20th and 21st the precipitatioi; 
was again heavy, the daily amounts varying from about a half 
an inch to about 2 inches in the different parts of the valley. 
The rainfall was slightly greater on the 20th than on the 2lst 
except in the Mad River Valley. 

The ground was nearly saturated when the rain began, due 
to rains of March and the early part of April. 

The rivers began rising on the 16th, fell on the 17th, 18th, 
and 19th, and then rose rapidly on the 20th, reaching crest stages 
on the 20th and 21st. They then fell rapidly, reaching normal 
stages throughout the valley by the 28th. 

TOTAL RETENTION 

A study of the data in table 34 shows that during similar 
storms the total retention is generally greater in the Mad River 
drainage area than in the other portions of the Miami Valley. 
For instance, during the storm of December 24. 1915, to January 
7, 1916, the total retention above Springfield, resulting from a 
precipitation of 3.65 inches, amounted to 2.70 inches ; while in 
the Stillwater Valley above West Milton the retention, "due to a 
Precipitation of 3.99 inches, was only 1.00 inch. In the Miami 
Valley above Tadmor the retention caused by a precipitation 
of 3.89 inches amounted to 1.01 inches, or practically the same 
as in the Stillwater Valley. Other storms show similar condi- 
tions, although the differences are not always so great. The 
total retention in the Buck Creek Valley is generally a little 
greater than ,in the other parts of the Mad River drainage area. 

As explained in chapter V, the relatively high retention in 
the Mad-River Valley is due to the comparatively loose and shal- 
low surface soil, underlain by extensive deposits of gravel. 

The total retention during the summer-storms seems to be 
much greater than during similar winter Ftorms, as would, of 
course, be expected, due to the relatively higher rates of evap- 
oration and soil absorption and the greater amounts of avail- 
able surface and soil storage during the summer. This is well 
shown by a comparison of  the storms of August 25 to 31, 1918, 
and April 15 to 21, 1920. These storms were very similar as 
regards duration and intensity. The total precipitation during 
the August storm was somewhat smaller than during the April 
storm, especially in the Stillwater and Upper Miami Valleys. 

' 
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However, in spite of the smaller rainfall, the retention during 
the August storm was greater than during the September storm 
in every catchment area, the differences varying from 0.50 inches 
above Germantown to 2.61 inches above the Four Mile Creek 
station in all instances except Buck Creek. In this case the 
difference was only 0.05 inches. 

The negative values of total retention obtained for the Seven 
Mile and Four Mile Creek valleys for the storms of January 
10 to 13 and 26 to 31, 1916, are  probably in error. This may be 
due to either or both of two causes. The runoff may be too 
large due to the difficulties encountered in securing accurate 
records on a flashy stream of this nature; or the rainfall may be 
too small due to the occurrence of heavy showers between rain 
gaging stations. I t  is believed that the latter reason accounts 
for the greater parts of the discrepancies. For similar reasons 
some of the data for the smaller drainage areas for other storms 
may be in error. 

As before mentioned the total retention for a given storm 
period represents the total quantity of water taken up by the 
soil plus the total quantity evaporated. Rates of soil absorption 
and evaporation both vary widely due to variations in meteoro- 
logical, topographical, and geological conditions. Consequently 
i t  does not seem feasible to estimate the value of each component 
during the various storms given in table 34. 

Soil absorption and evaporation are both relatively high in 
the summer and relatively low in the winter. The former is 
probably greater if the rainfall is steady, than i t  is if the rain 
falls in separate intense showers. The latter is greater when 
the rain falls intermittently, especially if the showers are sep- 
arated by inter;als of warm windy weather. In the case of 
forested areas appreciable amounts of the precipitation are in- 
tercepted by the foliage of the trees and are evaporated after 
the rain ceases without ever having reached the ground. 

-While the areas covered by forests in the Miami Valley are 
relatively small some data on interception has been secured. 
During the summer and fall of 1919 two rain gages were main- 
tained by the writer at his residence. One was located in the 
open and the other under a hackberry tree, about forty feet high, 
about midway between the trunk and the outer edge of the foli- 
age. The data secured is given in full in table 35. 

It will be noticed that the quantities intercepted vary consid- 
erably. During slow steady rains from 0.10 to 0.15 inches are 
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intkrcepted. If the precipitation occurs as showers, separated by 
clear, windy intervals, the quantities intercepted are consider- 
ably higher, due to the evaporation between showers. 

MAXIMUM VALUES OF RETENTION 
Table 36 gives the maximum values of retention, in inches, 

during a few of the larger storms. The quantities were obtained 
from mass curves of rainfall and runoff similar to those shown 
in figure 46. They are not as definitely determined as they 
would have been if data on hourly rainfall had been available. 
Except in a few instances the rainfall data was limited to daily 
amounts. Had more exact information been a t  hand the values 
of maximum retention would probably have been increased 
slightly. 

Table 36.-Maximum Retention, in Inches, During Various Floods 

Sidney..  . . . . . . . . .  
Lockington 
Piqua.. . . . . . . . . . .  
Tadmor.. . .  . : .  . . .  
Pleasant Hill. 
West Milton.. . . . .  
Buck Creek.. . . . . .  
Springfield.. . . . . . .  
Wright . . . . . . . . . . .  
Dayton. .  . . . . . . . .  
Franklin. 
Germantown.. . . . .  
Seven Mile.. . . . . . .  
Four Mile . .  . . . . . .  
Hamilton . . . . . . . . .  

I 

1 . 9 4  

2 . 0 4  
2 . 0 8  

2 . 8 8  
1 . 9 5  
2 . 0 2  
2 . 0 9  
2 . 2 8  

2 . 9 6  
2 . 5 3  
2 . 1 6  
2 . 3 2  

. . . . . . . . . . . . . . .  

. . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . .  

January 1 % 
1 10-13 

1915 1916 

Gaging Station 

0 . 6 5  
0 . 7 9  
0 . 9 2  
0 . 8 7  
0 . 9 4  
0 . 9 6  * 

1 . 0 1  
1 . 5 1  
1 . 6 4  
1 . 8 0  
1 . 4 6  
1 . 4 7  
1 . 3 6  

1 . 2 0  
1 . 0 3  
1 .12  
1 . 3 0  

1 .50  
1 .15  
1 . 2 5  
1 .28  
1 . 3 6  

1 . 3 8  
0 . 9 7  
0 . 5 9  
1 . 4 0  

. . . . . . .  

. . . . . . .  

- 

Dates of Storms 

January 
26-31 
1916 

March March March 
21-22 1 2fi2: 1 14-19 
1916 1919 

1 . 4 1  I 1 . 1 5  I 1 . 1 7  I 2 . 1 3  
1 . 3 0  0 .71  0 . 6 0  1 . 6 3  

;:E I ;:E I ;:E I 
. . . . . . . .  

1 . 8 9  
1 . 4 2  
1 . 3 8  
1 . 6 6  
1 . 9 3  

1 . 5 1  
. . . . . . . .  

1 . 8 1  
1 . 5 9  
2 . 5 0  
2 . 2 4  
2 . 2 9  
2 . 2 6 9  
2 . 3 3 6  
2 . 1 9  

0 . 6 4  1 . 2 4  2 . 5 5  
0 . 9 6  2.49'iE 
1 . 8 7  1 0,:s 1 : : :3" 1 2.4tiW 

*No flood ruqoff. 

The maximum retention occurred sometime prior to the oc- 
currence of the crest stages. In the case of the July, 1915, storm 
they occurred about the time the rain ceased. Since practically 
the entire rainfall fell in about an hour in this instance, the 
maximum values of retention are nearly as great as the total 
precipitation. Other conditions being the same the values tend 
to be lower on the smaller drainage areas due to the compara- 
tively short time required for the runoff to reach the gaging 
sections. 

The maximum value of retention, being the maximum dif- 
ference between the mass curves of rainfall and runoff, repre- 
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sents the accumulated soil absorption plus the accumulated evap- 
oration plus the actual quantity of water held on the ground or  
in the streams at the time the maximum retention occurs. The 
accumulated soil absorption plus the accumulated evaporation 
cannot be definitely determined except for the entire flood per- 
iod. However, it is possible, by a proper consideration of the 
d u r a t h  of the storm and of the time of occurrence of the maxi- 
mum retention, to  estimate the proportion of the total absorp- 
tion and evaporation which has occurred up to the time of the 
maximum retention. These estimated quantities may then be 
deducted from the values of maximum retention, thus obtaining 
estimated values of the maximum quantities stored on the ground 
surface and in the streams. 

Table 37 gives the estimated values of accumulated soil ab- 
sorption and evaporation a t  the time of the maximum retention, 
and also the resulting estimates of maximum surface storage. for 
the storms included in table 36. 

The volumes of water stored !in t h e  channels of the streams 
may be directly calculated whenever data is available regarding 
water levels, area of cross sections, and distances. Table 38 
gives the maximum volumes stored in certain lengths of the 
principal streams of the Miami Valley during the floods of July, 
1917, March, 1919, and March, 1913, calculated in this manner. 

The flood of July, 1917, was a comparatively small freshet. 
not exceeding the channel capacity a t  any place in the valley. 
The maximum rates of discharge were only from 5 to 8 per cent 
of the maximum rates which occurred during the 1913 flood. 
The flood of March, 1919, was somewhat larger. It caused 
some overflow in practically all parts of the valley outside the 
cities. The maximum rates of discharge in this case were from 
10 to 20 per cent of the maximum 1913 rates. 

The volumes given for the March, 1919, flood do not include 
the storage on the overflowed lands outside of the main chan- 
nels. However, the volumes given for the March, 1913, flood do 
include such storage. In  the latter instance the volumes on the 
overflowed areas were much larger than the volumes within 
the channels themselves. 

Reference to table 38 shows that  the quantities held in the 
main channels during the floods of July, 1917, and March, 1919, 
were relatively small. Since these quantities represent the stor- 
age in the channels when the crest stages occurred, the quantities 
in the channels when the maximum surface storage took place 
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Stillwater. . . . . . .  
Miami. . . . . . . . .  
Mad..  . . . . . . . . .  
Miami.. . . . . . . .  

must have been skill smaller. A study of the data in table 
37 and 38 shows that the greater parts of the maximum surface 
storage during the floods in'cluded in table 37 must have been 
on the ground, in the small pools.and depressions, and in the 
channels of the smaller tributary streams, rather than in the 
main channels. 

Pleasant Hill to  Dayton. . 

Springfield to Dayton.. . .  
Loramie Creek to Dayton. 

Dayton t o  Hamilton.. . . .  

RATES OF RAINFALL AND RUNOFF 

Table 39 gives the maximum daily rates of rainfall and 
runoff in inches over the drainage areas, and the absolute max- 
imum rate of runoff, in inches per 24 hours, for the greater 
number of the storms included in table 34. The greatest 24- 
hour runoff is not the maximum amount calculated for  the 24 
hours ending a t  7 p.m., but is the amount for the 24 hours in 
which the greatest runoff occurred. It was obtained graphi- 

Table 38.-Storage in River Channels During Various Floods 

River Length I 
Drainage 

Area. 
Square 
Milea 

674 
1162 

689 
3672 

2525 
3672 

Storage in Inches 
Flood of 

July 
1917 

0 . 1 6  
0 .17  
0 . 0 7  
0 . 1 4  

0 . 1 4  
0 . 2 4  - 

March 
1919 

0 . 3 3  
0 . 2 1  
0 . 0 9  
0 . 2 2  

0 . 2 1  
0 . 3 6  - 

- 
March 
1913 

1 . 4 8  
1 . 6 4  
1 . 7 9  
1 . 1 9  

1 . 6 4  
2 31 - 

tally after the hydrographs had been platted. However, the 
maximum 24-hour rainfall is the maximum for the 24 hours 
ending at 7 a.m. or  7 p.m., generally the latter, rather than the 
actual maximum. The available rainfall data was not sufficient 
to determine the true 24-hour maximum. The ratio of the 
greatest daily runoff to the greatest daily rainfall, in per cent, 
is also included. 

It will be noticed that  no very unusual 24-hour rainfalls 
have ocurred during the period covered by the table. With the 
exception of the summer storms of July, 1915, and May, 1916, the 
quantities seldom amount to as much as two inches. The run- 
off during the summer storms was relatively less than during 
the winter storms as  already mentioned. Consequently the 
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values of the 24-hour runoff are  not unusually large. On the 
larger drainage areas they do not materially exceed an inch. On 
the smaller areas they seldom amount to more than an inch 
and a half. The ratios of the 24-hour runoff to  the 24-hour 
rainfall, of course, vary widely, owing to the different charac- 
teristics of the storms as well as to the different soil and surface 
conditions. 

The maximum rates of runoff !in inches per day are, of 
course, somewhat larger than the average rates for the 24-hour 
periods. On the larger areas they sometimes amount to about 
an inch and a half. On the smaller areas they occasionally amount 
to from three to four inches. 

Table 40 gives the ratios, in per cent, of the maximum 24- 
hour rates of discharge to the absolute maximum rates, for 
various floods. In order to conform with the arrangement in 
table 34, the s t o m  dates have been given rather than the flood 
dates. Data for the flood of February, 1918, which was cause.1 
by melting snow, has not been included since the hydrographs 
were very erratic due to ice jams. 

The values for a given station vary considerably, as would 
be expected, due principally to the different durations of the 
most intense precipitation. For the storms where practically 
the entire precipitation fell in one day, such as those of July 
7 to 8, 1915, and May 6 to 7, 1916, the values are generally 
smaller than where the heavy rainfall continued through two 
or more days, as in the storms of January 26 to 31, 1916, and 
March 14 to 19, 1919. The values are, of course, generally 
smaller for the smaller drainage areas. 

. 



CHAPTER VII1.-FLOOD FORECASTING 

One of the outgrowths of the rainfall and runoff investiga- 
tions described in the preceding chapters has been the develop- 
ment of the flood forecasting system now maintained' by the Mi- 
ami Conservancy District. Steps toward the inauguration of this 
system were taken during the summer of 1916, following the 
freshets of January, February, March, and May of that  year. 
It was recognized then that  such a system would be a necessity 
during the coming construction period, and that the prelimin- 
a ry  steps should be taken a t  once in order that  by the time con- 
struction began a thoroughly established information service 
might be available to the contractors as one of the assets of the 
job. 

Although the United States Weather Bureau was maintain- 
ing a flood warning service in the Miami Valley a t  that  time, 
which i t  had inaugurated several years before, their forecasts 
were limited to rises in which flood stages were reached or  ex- 
ceeded. Such a service was, of course, wholly inadequate for  the 
purposes of the District. Inasmuch as it would be necessary 
to locate the construction equipment to a considerable extent in 
the  valleys along the river channels, or  actually within the chan- 
nels, wkiere sudden rises of only two or three feet might cause 
considerable damage, i t  was felt that  an independent system 
should be developed by which the necessary forecasts could be 
made and issued without the interposition of a third party a t  
critical times. The necessity of adopting such a course became 
still more evident when it was considered that in several in- 
stances the construction work would be located a t  places 
where only four to six hours elapse between the occurrence of 
t he  most intense rainfall and the maximum stages. 

It should be stated here that the most hearty cooperation has 
always existed between the officials of the Weather Bureau and 
of the Conservancy District and that this cooperation has re- 
sulted in a considerable saving in expense to both parties. More- 
over, the agreement and accuracy of the forecasts issued from 
the  two sources during critical times has resulted in a feeling of 
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confidence and 
entire valley. 

MIAMI CONSERVANCY DISTRICT 

security on the part  of the people throughout the 

THE PRESENT SERVICE 

At the present time forecasts of crest stages and the times 
of their occurrence are being made for the five dams and for 
all of the principal cities along the Miami River below Sidney. 
In the case of the dams and of the cities where construction work 
is being carried' on in the river channels, forecasts are made for 
rises of all magnitude, even as small as one or two feet. For 
the other places forecasts are  made only when the rises are great 
enough to cause some damage or to cause apprehension on the 
part of the public. However, complete information regarding 
river conditions is always available a t  the headquarters office 
for all places, even though the magnitude of the rise is negli- 
gible. 

Warnings are issued to the construction engineers or  con- 
tractors at the various places, or to other interested parties. 
During critical times bulletins regarding river conditions are 
issued to the public through the local newspapers or by posting . 
in conspicuous places. Information is also widely distributed 
by telephone. Operators are  kept on duty during the entire night 
so as to furnish desired information at any time. During one 
freshet two operators were kept busy answering such inquiries 
from early morning until midnight. These inquiries come not 
only from the residents of Dayton but also from residents of 
practically all parts of the valley, from Sidney on the north to the 
Ohio River on the south. 

During long continued storms it is necessary to issue several 
forecasts. Final estimates of maximum stages to be attained 
cannot be made until the most intense precipitation has occurred 
and the weather conditions are  such that no additional heavy 
rainfall is expected. At such times the preliminary forecasts 
are base6 on the total rainfall occurring up to the time the 
forecasts are made. These are issued with the information that 
the rain is expected to continue and that the forecasted stages 
will be exceeded by amounts depending on the amount of the 
subsequent rainfall. For weather forecasts the officials of the 
District rely entirely o nthe work of the U. S. Weather Bureau. 

. 
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REPORTS BEING SECURED 

In order to maintain the above described service it is, of 
course, necessary to receive numerous reports from all parts of 
the valley. Cooperative arrangements were made with the U. 
S. Weather Bureau in June, 1916, by which special rainfaIi and 
river reports from their observers are secured at the head- 
quarters office of the District during storm periods, as well as at 
the local office of the Weather Bureau. Special reports a t  such 
times are also secured from the.greater number of the stations 
maintained by the Miami Conservancy District. These reports 
are made by telephone or telegraph whenever 0.70 of an inch of 
rain falls in 24 hours or less, or whenever there is a sudden rise 
of three or more feet in the river stage. A confirmation of each 
report is made by mail as soon as the message has been tele- 
graphed or telephoned. 

The gaging stations in the Miami Valley are shown in figure 
1, page 17. Reports are received from all of the combined river 
and rainfall stations, from all but one or two of the rainfall 
stations, and from nearly all of the river stations located above 
Hamilton. While i t  may appear to the reader at first that  re- 
ports from so many stations are not necessary, it must be re- 
membered that reports from all stations at  the proper time can- 
not be expected. Observers have other work to do besides at- 
tending to their gages. Although the importance of making the 
reports should be emphasizedl to the observers, and although the 
members of the observers' families should be trained to take 
readings and send reports, i t  frequently happens that for some 
legitimate reason the report is not made. Such occurrences must 
be expected in a flood forecasting system and must be allowed 
for by arranging for more reports than are absolutely neces- 
sary. Too many reports do no harm while too few result in poor 
predictions. 

Although the observers are  permitted to send these reports 
by either teIegraph or telephone, they are instructed to send 
them by telephone whenever it is feasible to do so. The advan- 
tages of receiving the messages by telephone are, first, that the 
forecaster can question the observers regarding existing rain- 
fall, river, or weather conditions, thus obtaining desired infor- 
mation which they might otherwise neglect to furnish even 
though instructed previously to do so; and, second, that the ' 
observers, in, reporting by telephone, are necessarily kept on the 
job until the message is delivered, thus insuring more prompt 
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delivery, Quite frequently i t  has happened that reports handed 
to telegraph operators in small towns have been delayed so long 
in. transmission that they arrived too late to be of use. 

One factor which has been of great assistance in the fore- 
casting work of the District and which has made possible the 
forecasting of small rises of one o r  two feet in the principal 
streams, is the direct telephone communication maintained be- 
tween the headquarters office and the division offices at the five 
dams. Private wires are  maintained to each dam. Consequently 
i t  is posible to obtain accurate information from trained ob- 
servers, directly interested in the work, a t  any.time, without 
the trouble involved in putting through long distance calls by 
the usual methods. 

The river observers are instructed to report the latest gage 
reading and time of observation; the time the rise began and 
the stage a t  that  time; whether the river is rising, stationary, 
or falling; the maximum stage and time of occurrence, if the 
river is falling; and such general information regarding rain- 
fall, snowfall, runoff, and weather as they may possess. Rain- 
fall observers are instructed to report the time of beginning of 
rain;  the time of reading the gage and the amount of the pre- 
cipitation up to that time; whether or not i t  is still raining; the 
time of ending of the rain, if i t  has ended; the amount and 
character of the precipitation during the preceding week ; and 
such general information regarding the nature of the rainfall, 
snowfall, runoff, and weather, as they may have observed. 

FORECASTING METHODS 

Owing to the comparatively short intervals of time required 
for the flood runoff to reach the main streams, flood forecast- 
ing in the Miami Valley is of necessity largely based on the 
forecaster's judgment and on his familiarity with previous 
floods. With reports coming in from all parts of the valley and 
with. people clamoring for information simultaneously, there is 
no opportunity to sit down and quietly analyze the problem or 
to apply theoretical formulas. 

The forecaster keeps in touch with the weather and soil 
conditions throughout the valley at all times SO that when the 
rain begins he knows approximately how much precipitation will 
be required to fill the surface storage and what proportion of the 
remainder may be expected to be taken up by the soil. This in- 
formation in conjuction with the rainfall reports and his knowl- - , 
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edge of similar previous floods enables him to forecast the maxi- 
mum stages and the times at which they will be reached at the 
principal stations in the upper portions of the valley as soon as 
the most intense precipitation has ceased. Preliminary fore- 
casts are, of course, made as the reports arrive, as previously 
noted, but maximum stages can not be forecasted ilritii the most 

Gage neigh +sat West Milton in Fee+ 
FIG. 47.-RELATION BETWEEN CREST STAGES ON THE STILI; 

WATER RIVER AT PLEASANT HILL AND WEST MILTON. 

intense precipitation has occurred. Having estimated the max- 
imum stages to be attained in the upper portions of the valley, 
crest stages at the lower stations on the main streams above 
Dayton are forecasted by the aid of crest relation diagrams, 
proper consideration being given to channel storage ,and rain- 
fall intensities below the upper stations. 

Figure 47 shows the relation between crest stages at the 
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Pleasant Hill .and West Milton stations on the Stillwater River ; 
figure 48 shows a similar relation for the Springfield and 
Wright stations on Mad River; and figure 49 shows similar re- 
lations for the Sidney, Piqua, and Tadmor stations on the upper 
Miami River. Points vary from the curves somewhat in all 
instances, due to local variations in rainfall intensity. This is 
especially noticeable in the case of the Piqua-Tadmor curve, 
given in figure 49. Points falling to the left of the curve repre- 
sent storms in which the most intense precipitation occurred 
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Gage H e 4 h t . s  af W r y h f  in Feet 
FIG. 48.-RELATION BETWEEN CREST STAGES, ON THE MAD 

RIVER AT SPRINGFIELD AND WRIGHT. 

over the northwestern portion of the dTainage area ; while points 
falling to the right represent storms where the heavy rain fell 
mostly on the eastern portions of the valley. Discrepancies due 
to this cause are  less noticeable on the Sidney-Tadmor curve be- 
cause heavy rainfall falling east of Piqua drains northward to- 
ward Sidney as well as  southward toward Tadmor, thus pro- 
ducing similar conditions at both places. It is for this reason 
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that  the crest stage frequently occurs at Tadmor at the same 
time as at Sidney. 

Forecasts of stages a t  Dayton are based on the estimated 
crests at the upper stations, proper allowance being made for 
lack of coordination of crests from the three streams. Wolf 
Creek is so steep, so short, and its drainage area so small, in 
comparison with the Stillwater, Mad, and Miami Rivers, that  
its flood runoff always passes Dayton several hours before the 
crests from the other three streams arrive. Only in very ex- 
ceptional cases does any appreciable amount of flood ,runoff 
from the Wolf Creek valley reach Dayton at the time the Dayton 
crest is attained. 

The maximum discharges from the Stillwater, Miami, and 
Mad Rivers do not reach Dayton in any definite order, although 
the crest discharge from the upper Miami practically always 
arrives later than that from one of the other two streams. The 
exact order of arrival varies with the rainfall intensity, location 
of most intense precipitation, and time of occurrence or. the 
different areas. During the storm of July 7 to 8, 1915, in which 
practically all of the rain fell between the hours of 9 and 10 p.m. 
of the 7th, a t  all stations in the valley, the crest discharge from 
the Stillwater River reached Dayton about 24 hours after the 
rain had ceased, that from the Mad River arrived in abou: 16 
hours, and that from the upper Miami, in about 29 hours. Dur- 
ing the storm of May 6 to 7, 1916, in which practically all of the 
precipitation occurred in the night of the 6th and 7th, the crest 
discharge from the Stillwater River arrived a t  Dayton about 23 
hours after the rain ceased, that from the Mad River arrived in 
about 25 hours, and that from the Miami, in about 29 hours. The 
difference in the time of arrival at Dayton of the crest discharge 
from Mad River during these two floods is found in the locntion 
of the most intense precipitation. During the May storm the 
heaviest rainfall in the Mad River Valley occurred near Urbana, 
about 40 miles by river from Dayton, while during the July 
storm it  fell near Springfield, only about 25 miles from Dayton. 

Having estimated the maximum stage to be reached at Day- 
ton, forecasts for Miamisburg and Franklin may be made by the 
aid of the crest relation diagrams shown in figure 50. Similar 
methods may be used for Middletown and Hamilton whenwe: 
the rainfall distribution is such that the crest stages a t  these 
places are caused by the flood runoff from the drainage areas 



c- 

RAINFALL A N D  RUNOFF 223: 

Gage Heights at Dayton. in f e e f  . g 



b’ - 4’6 -.I 2 
224 MIAMI CONSERVANCY DISTRICT 

G q e  Heights a f Dayton /n Feet 
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above Dayton. Diagrams for use in such instances are  shown in 
figure 51. It frequently happens, however, that the crest stages 
a t  points below the mouth of Twin Creek are caused by the flood 
runoff from areas below Dayton rather than from those above. 
Of course, this happens more frequently as the distances below 
Dayton increase. During the storm of July, 1915, the crest at 
Hamilton was caused primarify by the flood runoff from the 
Seven Mile and Four Mile Creek valleys. In this instance the 
Hamilton crest occurred about 10 hours before the maximum 
stage was reached a t  Dayton. 

The forecasting methods can probably be made plainer by de- 
scribing a typical case. The flood of January 5, 1917, will be 
taken for this purpose. On the morning of January 5 the reports 
showed that the rainfall had averaged about 1.7 inches over the 
drainage area of the Stillwater River above West Milton, about 
1.6 inches over the drainage. area of the Miami River above 
Piqua, and about 1.4 inches over the drainage area of the Mad 
River above Springfield. For the Stillwater Valley i t  was esti- 
mated that 0.7 of an inch would be required to fill the soil and 
surface storage; and that the remaining inch, which would run 
off, would reach West Milton at a maximum rate of about a half 
an inch in 24 hours, or 7800 second feet. The rating table for 
the channel at West Milton showed that this would correspclnd 
to a stage of 8.0 feet. From the available records of previous 
floods i t  was estimated that th$ stage would be reached a t  about 
3 p.m. By similar methods, making proper allowances for dif- 
ferences in topographical and geological conditions, it  was es- 
timated that a maximum rate of runoff .of about 10,400 second 
feet, corresponding to a stage of about 7.0, would occur a t  Piqus 
at about 3 p.m.; and that a maximum rate of runoff of about 
4,600 second feet, corresponding to a stage of about 7.5, woulJ 
occur at Springfield a t  about 2 p.m. 

From the known distances of these stations. above Dayton 
and from the known slopes and velocities of the streams it  was 
next estimated that the crest from the Stillwater River would 
reach Dayton first, that the crest from the Mad River would ar- 
rive next, and that the crest from the Miami River would arrive 
last. Since the quantity of water flowing in the Miami River 
was about a third greater than that in the Stillwater River and 
more than twice as great as that in the Mad River it was esti- 
mated that the maximum stage at Dayton would be reached when 
the crest flow from the Miami arrived, and that this would occur 
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a t  about 5 a.m. on the following morning. As the rainfall had 
been comparatively general over the entire valley i t  was estj- 
mated that the runoff from the drainage area below West Mil- 
ton, Piqua, and Springfield would be more than sufficient to fill 
the storage space in the channels below 'the stages corresponding 
to the expected discharges. However, since the Stillwater and 
Mad Rivers would both be falling when the crest from the Mi- 
ami arrived, i t  was estimated that the maximum discharge at, 
Dayton would'be about 21,000 second feet, or  slightly less than 
the combined maximum discharges at West Milton, Piqua, and 
Springfield. This quantity corresponded to a stage of 8.9 feet 
and therefore a stage of 9.0 feet was predicted. 

From crest relations during previous floods, it was then es- 
timated that a stage of 10.0 feet would be reached a t  Miamis- 
burg a t  6 a.m., January 6 ; and that a stage of 9.0 feet would be 
reached at. Franklin a t  7 a.m. of the same day. 

Forecasts were not being made for the dams a t  that  time 
as construction work had not been started. At  Hamilton the 
crest was caused by Seven Mile and Four Mile Creeks and was 
nearly reached a t  the time the forecasts were being made. 

The following table compares the forecasted and actual con- 
ditions and also shows the time interval in hours between the 
time the forecasts were made and the time the crests were 
reached. 

Actual 

Stage 1 Time I Date 

9 Table 41.-Forecasted and Actual Conditions During the Flood of January 5, 1917 

Advance 
Warning 

in 
Hours 

Station 

3 p.m. 
3 p.m. 

p.m. 
D a.m. 
6 a.m. 
7 a.m. 

West Milton.. . . 
Piqua. . . . . . . . . . 
Springfield. . . . . . 
Dayton. . . . . . .. . 
Miamisburg. . . . 
Franklin. . . . '. . . 

Jan. 5 
Jan. 5 
Jan. 5 
Jan. 6 
Jan. 6 
Jan. 6 

Forecast at 10 a. m. 
January 5 

Stage I Time I Date 

8 . 0  
7.0 
7 . 5  
9 . 0  

10.0 
9 . 0  - 

The above described example is probably typical of the fore- 
casting work in this valley. The predictions are not always so 
accurate for Dayton and Franklin; neither are  they always so 
inaccurate for West Milton and Piquz. As a general rule,, how- 
ever, the forecasts for the locations on the Miami below the 
Stillwater and Mad Rivers are  more certain than those for the 
upper stations. 
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APPENDIX 

BIBLIOGRAPHY 

The following bibliography contains references to the more 
valuable articles consulted in the preparation of this report. 
The literature on rainfall,. runoff, evaporation, and related 
subjects is so voluminous that  only the more important can be 
noted. As a rule references to articles dealing solely with 
rainfall, or  stream flow, or the methods of measurement of 
either, have not been included. Some of the publications 
referred to have already been cited in the text. 

The ’ references are  grouped according to the principal 
subject matter of the articles. No article is referred to more 
than once although it may contain valuable data relating to 
more than one subject. The more general works on hydrology 
and kindred subjects a re  given in the first group. 

General Works 

Hydrology, The Fundamental Basis of Hydraulic Engineering, by 

The elements of Hydrology, by Adolph F. Meyer. John Wiley and  

Hydrology of New York State, by George W. Rafter. Bull. 85, New 

Hydrology of the  Panama Canal, by Caleb M. Saville. Trans. Am. SOC. 

The Flow of Streams and  t h e  Factors t h a t  Modify it, with Special 
University of 

Waterworks Handbook, by  Flinn, Weston, and Bogert. McGraw-Hill 

Public Water  Supplies, by Turneaure and Russell. John Wiley and 

American Sewerage Practice, Vol. I, by Metcalf and Eddy. McGraw- 

The Control of Water, by P. A. M. Parker. D. Van Nostrand Com- 

River Discharge, by Hoyt  and Grover. John Wiley and Sons, Inc., 

Irrigation Pocket Book, by R. B. Buckley. Spon and Chamberlain, 

Daniel W. Mead. 

Sons., Inc., New York, 1917. 

York State  Museum, Albany, New York, 1905. 

C. E., Vol. 76, page 871, 1913. 

Reference t o  Wisconsin Conditions, by Daniel W. Mead. 
Wisconsin, Madison, Wisconsin, Bull. 425, 1911. 

Book Company, Inc., New York, 1916. 

Sons, Inc., New York. 

Hill Book Company, Inc., New York. 

pany, New York, 1913. 

NPW York. 

New -York. 

McGraw-Hill Book Company, Inc., New York, 1919. 
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The Soil, I t s  Nature, Relations, and Fundamental Principles of Man- 

Physics of Agriculture, by F. H. King. Published by the  author, now 
agement, by F. H. King. 

deceased, a t  Madison, Wisconsin. 

The Macmillan Company, New York. 

Rainfall and Runoff 

The Relation of Rainfall t o  Runoff, by  George W. Rafter. U. S. 
Geological Survey, Washington, D. C., W. S. Paper  No. 80, 1903. 

Derivation of Runoff from Rainfall Data, by J. D. Justin, Trans. Am. 
SOC. C. E., Vol. 77, page 346, 1914. 

Computing Runoff from Rainfall and other Physical Data, by Adolph 
F. Meyer, Trans. Am. SOC. C. E., Vol. 79, page 1056, 1915. 

Relation of Rainfall t o  Runoff in California, by J. B. Lippincott and 
S. G. Bennett. 

Report on Water  Supply, Water  Power, the Flow of Steams, and 
Attendant Phenomena, by C. C. Vermeule. Vol. I11 of the  Final Report 
of t h e  S ta te  Geologist, Geological Survey of New Jersey, Trenton, New 
Jersey, 1894. 

Annual Report of the 
State  Geologist, 1899, page 137. Geological Survey of New Jersey, Tren- 
ton, New Jersey. 

California Hydrography, by J. P. Lippincott. U. S. Geological Survey, 
Washington, D. C., W. S. Paper No. 81, 1903. 

Variations in Precipitation as  Affecting Water  Works Engineering, 
by C. P. Birkinbine. Journal of the American Waterworks Association, 
Vol. 3, No. 1, March, 1916. 

Rainfall Causing Flood of Sept., 1899, in the ‘Elbe Basin, Bohemia. 
Report of Austrian Hydrographic Bureau, 1899. Gives daily rainfall and 
runoff data  f o r  flood period. 

Relation of Runoff t o  Rainfall in Certain Great Floods. Handbuch 
der  Ingenieur Wissenschaften, Teil 111, Band I. 

* 

. Engineering News, J u n e  5, 1902, page 467. 

. Forests and Water.Supply, by C. C. Vermeule. 

Interception- 

~ Rainfall Interception, by Robert E. Horton. Monthly Weather Review, 
U. S. Department of ‘Agriculture, Washington, D. C., September, 1919, 
page 603. Contains results of elaborate experiments on precipitation 
intercepted by different trees and different agricultural crops. 

Ebermayer’s Experiments on Forest  Meteorology, translated from 
Ebermayer’s original work and converted into English units by Robert E. 
Horton. Thirty-second Annual Report of the  Michigan Engineering So- 
ciety, 1911. 
and soil surfaces, and percolation. 

Gives valuable data on interception, evaporation from water ’ 

. 

Evaporation from Water Surfaces 

Colorado Climatology, by Robert E. Trimble. Agricultural Experiment 
Station, Colorado Agricultural College, F o r t  Collins, Colo., Bull. 245, 1918. 
Gives monthly records of evaporation from a f ree  water surface a t  Fo r t  
C 1 p  f o r  the thirty-one years f rom 1887 t o  1917, inclusive. 
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Report of Rivers and 
Lakes Commission, S ta te  of Illinois, Springfield, Illinois, 1914. Contains 
records of monthly evaporation from f ree  water surfaces a t  several places 
in the United States. 

Evaporation f rom the  Surfaces of Water and River-Bed Materials, by 
R. B. Sleight. Journal of Agricultural Research, U. S. Departmem of 
Agriculture, Washington, D. C., July 30, 1917. Describes experiments 
made a t  Denver, Colorado. 

Engi- 
neering News-Record, April 26, 1917, page 196. Formula includes a new 
and logical wind correction factor by which the increase in evaporation due 
to an increase in wind velocity decreases as  the wind velocity increases, 
the effect  of the  wind becoming negligible a t  about 20 miles per hour. 

Engineering 
News, February 29, 1912, page 380. Gives evaporation records secured 
a t  Lake Tahoe and a t  several stations in the Santa Clara Valley. 

Records of Evaporation Obtained a t  23 Different Stations in Various 
Parts  of the United States, Engineering News, June  16, 1910, page 694. 
Summary of U. S. Weather Bureau evaporation records. 

Evaporation and Seepage from Irrigation Reservoirs, by Kenneth A. 
Heron. Engineering News, August 12, 1915, page 294. Gives evaporation 
records taken near Modesto, California. 

Evaporation from the  Salton Sea, by C. E. Grunsky. Engineering 
News, August 13, 1908, page 163. An interesting study of the  evapora- 
tion frqm the Salton Sea, giving actual records. 

Depth of Evaporation in the United States, Engineering News, J anua ry  
5, 1889, page 8. Reprinted from a n  article by Professor T. Russell in  
the Monthly Weather Review. Discusses the  use and accuracy of the  
Piche evaporimeter. . 

A Study of the  Depth of Annual Evaporation from Lake Conchos, 
Mexico, by Edwin Duryea and H. L. Haehl. Trans. Am. SOC. C. E., Vol. 
80, page 1829, 1916. 

Evaporation Observations in the  United States, by H. H. Kimball. 
Engineering News, April 6, 1905, page 353. 

Evaporation, by Desmond Fitzgerald. Trans. Am. SOC. C. E., Vol. 15, 
page 581, 1886. 

An Annotated Bibliography of Evaporation, by Grace J. Livingston, 
Monthly Weather Review, U. S. Department of Agriculture, Washington, 

Evaporation from Snow and Ice 

Water Resources of Illinois, by A. H. Horton. 

A New Evaporation Formula Developed, by Robert E. Horton. 

California Evaporation Records, by Edwin Duryea, Jr. 

D. C., 1908-09. 

Some Field Experiments on Evaporation from Snow Surfaces, by 
F. S. Baker. Monthly Weather Review, U. S. Department of Agriculture, 
Washington, D. C., July,  1917, page 363. Contains valuable data on snow 
evaporation in the  mountains of central Utah. 

Evaporation from Snow and Errors of Rain Gage when used t o  Catch 
Snowfall, by Robert E. Horton. Monthly Weather Review, U. S. Depart- 
ment of Agriculture, Washington, D .C., February, 1914, page 99. Con- 
tains data on evaporation from snow surfaces a t  Albany, New York. 

Water  Resources of the  Penobscot River Basin, Maine, by H. K. 
Barrows, and C. C. Babb, U. S. Geological Survey, Washington, D. C., 
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W. S. Paper  No. 279, 1912. Contains data on evaporation from ice surfaces 
in Maine. 

Condensation upon and Evaporation from a Snow Surface, by B. Rolf. 
Monthly Weather Review, U. S. Department of Agriculture, Washington, 
D. C., September, 1915, page 466. See also Science Abstracts, Sec. A, 
September 25, 1915. Articles give brief description of experiments carried 
on in Swedish Lapland. 

An Intensive Study of the Water Resources of a par t  of Owens Valley, 
California, by Charles H. Lee. U. S. Geological Survey, Washington, 
D. C., W. S. Paper 294, 1912. Gives data on evaporation f rom snow 
surfaces in the  San Bernardino Mountains, also results of experiments on 
evaporation from soil and water surfaces in Owens Valley. 

The Disappearance of Snow in the High Sierra Nevada of California, 
by A. J. Henry. Monthly Weather Review, U. S. Department of Agri- 
culture, Washington, D. C., \March, 1916, page 150. 

A 

. . Soil Evaporation and Transpiration 

Factors influencing Evaporation and Transpiration, by John A. Wid- 
stoe. Utah Agricultural College Experiment Station, Logan, Utah, Bull. 
105, 1909. Describes extensive experiments on four  different soils. 

Factors affecting the  Evaporation of Moisture f rom the  Soil, by F. S. 
Harris and J. S. Robinson. Journal of Agricultural Research, U. S. 
Department of Agriculture, Washington, D. C., December 4, 1916. De- 
scribes experiments made at the  Utah Agricultural Experiment Station 
and gives an  interesting curve, determined experimentally, showing the 
effect of wind velocity on the  r a t e  of soil evaporation. The curve agrees 
substantially with the one used by Horton in developing his evaporation 
formula. 

Evaporation from Irrigated Soils, by Samuel Fortier and S. H. Beckett. 
Office of Experiment Stations, U. S. Department of Agriculture, Wash- 
ington, D. C., Bull. 248, 1912. Gives detailed descriptions and results of 
experiments carried on in several western states during the years 1908 
t o  1910, inclusive. 

Engineering 
News, Sept. 5, 1912, page 432. Describes experiments mentioned in above 
reference. 

Evaporation Losses in Irrigation and Water  Requirements of Crops, by 
Samuel Fortier,  Office of Experiment Stations, U. S. Department of Agri- 
culture, Washington, D. C., Bull. 177, 1907. Describes experiments on 
evaporation from soil and water surfaces in California. See also Engi- 
neering News, Sept. 19, 1907, page 304. 

Wyoming Agricul- 
tural  Experiment Station, Laramie, Wyoming, Bull. 52, 1902. Describes 
experiments on soil evaporation made at Laramie. Brief abstract in 
Engineering News, Sept. 11, 1902, page 187. 

Daily Transpiration during the Normal Growth Period and i ts  Cor- 
relation with the Weather, by Lyman J. Briggs and H. L. Shantz. Journal 
of Agricultural Research, U. S. Department of Agriculture, Washington, 
D. C., October 23, 1916. Gives results of extensive experiments carried 
on with different crops at Akron, Colorado. 

Evaporation from Irrigated Soils, by Samuel Fortie;. 

Experiments in Evaporation, by C. B. Ridgeway. 
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The Water  Requirements of Plants, by Lyman J. Briggs and H. L. 
Shantz. Bureau of Plant  Industry, U. S. Department of Agriculture, 
Washington, D. C., Bull. 284, 1913. Gives results of numerous determina- 
tions of water  requirements of plants in pot culture at Akron, Colorado, 
and Amarillo and Dalhart, Texas. 

The Water  Requirements of Plants. by Lyman J. Briggs and H. L, 
Shantz. Bureau of Plant  Industry, U. S. Department of Agriculture, 
Washington, D. C., Bull. 285, 1913. An interesting review of the  liter- 
a ture  on the  above subject. 

The Measurement of Soil Evaporation under Arid CGnditions, by 
Charles H. Lee. Engineering News, October 12, 1911, page 428. De- 
scribes experiments on evaporation from soil and water surfaces in  Owens 
Valley, California. 

The Determination of Safe  Yield of Underground Reservoirs of the  
Closed Basin Type, by Charles H. Lee. Trans. Am. SOC.  C. E., Vol. 78, 
page 148, 1915. Discusses evaporation ; transpiration, percolation, and 
related subjects, and describes experiments treated in preceding reference. 

The Determination of the Duty of Water  by Analytical Experiment, 
by W. C. Hammatt. Proc. Am. SOC. C. E., Feb., 1918, page 307. Dis- 
cusses evaporation, transpiration, soil moisture, percolation, and so forth, 
and describes expefimental work. 

Proc. 
Am. SOC. C. E., March, 1920, page 461. Discusses evaporation, percolation, 
and surface waste. 

Method of Estimating the  Amount of Evaporation from Water  and 
Soil Surfaces in t h e  Livermore Valley of California. Engineering and Con- 
tracting, April 30 and May 7, 1913, pages 506 and 523. 

The Duty of.Water in the  Pacific Northwest, by J. C. Stevens. 

Soil Moisture 

Movement and Distribution of Moisture in the  Soil, by F. S. Harr is  
and H. W. Turpin. Journal of Agricultural Research, U. S. Department of 
Agriculture, Washington, D. C., July 16, 1917. Describes field and labora- 
tory studies made at Logan, Utah. 

Effect of Temperature on Movement of Water  Vapor and Capillary 
Moisture in  Soils, by G. J. Bouyoucos. Journal of Agricultural Research, 
U. S. Department of Agriculture, Washington, D. C., Oct. 25, 1915. 
Describes laboratory experiments carried on at  Michigan Agricultural 
Experiment Station. 

Water  Penetration in  the  Gumbo Soils of the  Belle Fourche Reclama- 
tion Project, by 0. R. Matthews. U. S. Department of Agriculture, Wash- 
ington, D. C., Bull. 447, 1916. Describes experiments on t h e  rate and  
depth of penetration. 

The Movement of Water  i n  Irrigated Soils, by H. A. Widstoe and 
W. W. McLaughlin. Utah Agricultural College Experiment Station, Logan, 
Utah, Bull. 115, 1912. Describes extensive experiments made on the  
Greenville f a r m  near  Logan. 

Soil Moisture Studies under Dry Farming. by F. S. Harr is  and J. W. 
Jones. Utah Agricultural College Experiment Station, Logan, Utah, Bull. 
158, 1917. Gives data  on depth of penetration, amount of water  stored 
in  surface soil, and reduction of soil moisture by plant growth. 
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Soil Moisture Studies under Irrigation, by F. S. Harris and A. F. 
Bracken. Utah Agricultural College Experiment Station, Logan, Utah, 
Bull. 159, 1917. Scope similar t o  tha t  of Bull. 158, see preceding reference. , 

Studies on the  Movement of Soil Moisture, by Edgar Buckingham. 
Bureau of Soils, U. S. Department of Agriculture, Washington, D. C., 
Bull. 38, 1907. Gives experimental data showing differences in soil 
evaporation under arid and humid conditions, also a theoretical discussion 
of soil moisture movements. 

Bureau of Soils, 
U. S. Depakment,  of Agriculture, Washindon, D. C., Bull. 26, 1905. 
Gives detailed data  on soil moisture variations under eight soils located 
at  Goldsboro, North Carolina, Upper Marlboro, Maryland, Lancaster, 
Pennsylvania, and Janesville, Wisconsin. 

Distribution of Water in the Soil in Furrow Irrigation, by R. H. 
Loughridge and Samuel Fortier. Office of Experiment Stations, U. S. 
Department of Agriculture, Washington, D. C., Bull. 203, 1908. Describes 
experiments made in citrus orchards in southern California. 

Natural  Vegetation as a n  Indicator of the Capabilities of Land f o r  
Crop Production in the Great Plains Area, by H. L. Shantz. Bureau of 
Plant Industry, U. S. Department of Agriculture, Washington, D. C., Bull. 
201, 1911. Gives experimental data on soil moisture variations at  Akron, 
Colorado. I 

Moisture Content and Physical Condition of Soils, by Frank K. 
Cameron and Francis E. Gallagher. Bureau of Soils, U. S. Department 
of Agriculture, Washington, D. C., Bull. 50, 1908. Gives experimental 
data. 

The Wilting Coefficient fo r  Different Plants and i ts  Indirect Determ- 
ination, by Lyman J. Briggs and H. L. Shantz. Bureau of Plant Industry, 
U. S. Department of Agriculture, Washington, D. C., Bull. 230, 1912. 
Gives experimental data. 

Relation of Movement of Water- in  a Soil t o  i ts  Hygroscopicity-and 
Initial Moistness, by Frederick J. Alway and Guy R. McDole. Journal of 
Agricultural Research, U. S. Department of Agriculture, Washington, 
D. C., August 20, 1917. Gives experimental data taken at the Nebraska 
Agricultural Experiment Station. 

Relation of t he  Water Retaining Capacity of a Soil t o  i ts  Hygroscopic 
Coefficient, by Frederick J. Alway and Guy R. McDole. Journal of 
Agricultural Research, U. S. Department of Agriculture, Washington, 
D. C., April 9, 1917. Describes experiments carried on at the Nebraska 
Agricultural Experiment Station. 

Investigations of Soil Management, by F. H. King. 

- 
Percolation 

Stream Flow and Percolation Water,  by Samuel Hall. Journal of 
the Institution of Water Engineers of Great Britain, abstracted in Engi- 
neering and Contracting, Oct. 29, 1919, page 499. ' . 

On Evaporation ' and Percolation, by Charles Greaves. Proc. Inst. 
C. E. 1875-76, Vol. 45, page 19. Gives results of experiments on percola- 
tion and evaporation from soil and water surfaces. 

Percolation and Evaporation, by J. H. Gilbert. Proc. Inst. C. E., 
Vol. 45, page 5 6 ;  Vol. 105, page 36. 
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Some Physical Properties of Sands and Gravels, by Allen Hazen. 
Mass. State  Board of Health, Boston, Mass., Twenty-fourth Annual Report, 
page 553, 1892. Gives data on variation in percolation rates  caused by 
temperature changes. 

Floods 

Floods of 1913 in the  Ohio and Lower Mississippi Valleys, by A. J. 
Henry, U. S. Weather Bureau, Washington, D. C., Bull. Z, 1913. 

The Ohio Valley Flood of March-April, 1913, by A. H. Horton and 
H. J. Jackson. U. S. Geological Survey, Washington, D. C., W. S. 
Paper 334. 

The Miami Valley and the 1913 Flood, by A. E. Morgan. The Miami 
Conservancy District, Dayton, Ohio, Technical Report, P a r t  I, 1917. 

Floods in the East Gulf and South Atlantic States, July, 1916, by 
A. J. Henry. Monthly Weather Review, U. S. Department of Agriculture, 
Washington, D. C., August, 1916, page 466. 

Destructive Floods in the  United States in 1903, by E. C. Murphy, , 
U. S. Geological Survey, Washington, D. C., W. S. Paper  No. 96, 1904. 

Destructive Floods in  the United States in 1904, by E. C. Murphy, 
U. S. Geological Survey, Washington, D. C., W. S. Paper  No. 147, 1905. 

Destructive Floods in the United States in 1905, with a discussion of 
flood discharge and frequency and a n  index to  flood literature, by E. C. 
Murphy. U. S. Geological Survey, Washington, D. C., W. S. Paper No. 
162, 1906. 

The Rivers and Floods of the Sacramento and San Joaquin Watersheds, 
by N. R. Taylor. U. S. Weather Bureau, Washington, D. C., Bull. 43, 1913. 

Southern California Floods of January,  1916, by H. D. McGlashan 
and F. C. Ebert. U. S. Geological Survey, Washington, D. C., W. S. 
Paper No. 426, 1917. 

Floods and Flood Protection. Carnegie Library of Pittsburgh, Month- 
ly Bulletin, July, 1908. 

Flood Flows, by W. E. Fuller. Trans. Am. SOC. C. E., Vol. 77, page 
564, 1914. 

The Flood of March, 1907, in the Sacramento and San Joaquin River 
Basins, California, by W. B. Clapp, E. C. Murphy, and W. F. Martin. 
Trans. Am. SOC. C. E., Vol. 61, page 281, 1908. 

A Study of the Southern River Floods of May and June,  1901. Engi- 
neering News, Aug. 7, 1902, page 102. 

The Floods of t h e  Mississippi River, by Wm. Starling. Engineering 
News, April 22, 1897, page 242. 

The Mississippi Flood of 1897, by Wm. Starling. Engineering News, 
July 1, 1897, page 2. 

The Floods in the  Spring of 1903 in the Mississippi Watershed, by 
H. C. Frankenfield. U. S. Weather Bureau, Washington, D. C., Bull. 
M. 1903. 

A detailed bibliography. 

Flood Forecasting 

River Stage Forecasts f o r  the Arkansas River, Dardanelle to  Pine 
Bluff, Ark., by Herman W. Smith. Monthly Weather Review, U. S. 
Department of Agriculture, Washington, D. C., March, 1916, page 143. 

_ . .  .. . ;. , ;., 240 
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Freshets in  t h e  Savannah River and t h e  Forecasting of High Water  at 
Augusta, Ga., by Eugene D. Emigh. Monthly Weather  Review, U. S. 
Department of Agriculture, Washington, D. C., January, 1914, page 46. 

Precepts f o r  Forecasting River Stages on t h e  Chattahoochee and Flint 
Rivers of. Georgia, by C. F. Von Herrmann. Monthly Weather  Review, 
U.iS. Department of Agriculture, Washington, D. C., July, 1919, page 476. 

Flood Crests on the Ohio and Mississippi and their movement, by A. J. 
Henry. Monthly Weather Review, U. S. Department of Agriculture, 
Washington, D. C., November, 1920, page 651. 

Treatise on Flood Prediction, and on the  Hydrology of t h e  Seine, De 
Prandeau, 1884. Reviewed in Annales des Ponts  e t  Chaussees, 1884, 11. 

Prediction of Floods in  the Central Loire. Annales des Ponts et 
Chaussees, Oct., 1890. 

Prediction of High Water  on the  Elbe in Bohemia, Holtz. Annales 
.des Ponts e t  Chaussees, April, 1891. 

Predicting Floods in Rivers. A review of the  method employed by 
the  government hydraulic engineer of Queensland in foretelling floods on 
the  Brisbane River. Engineering Record, Sept. 16, 1899. 

Flood Forcasts. 
The Flood Warning Service on the  Danube and its Tributaries in  

Upper Austria. Oest. Wochenschrift, des Offent Baudienst, Jan.  3, 1903. 
The Prediction of the  Height of Water  in the  Elbe and Moldau Rivers 

in  Bohemia. 
The Forecasting of Floods in  t h e  Yonne at Auxerre a f t e r  Rains in  

the  Morvan Mountains, P. Breuille, Annales des Ponts et Chaussees, I, 
1911. 

Rev. Tech., Feb. 10, 1899. 

Oest. Wochenschrift, des Offent  Baudienst, Dec. 7, 1901. 
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