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INTRODUCTION 

While accelerated soil erosion resulting from the misuse 
of land has been occurring in the United States since 
colonial days, it remained for the disastrous duststorms 
of the early 1930’s, the acute agricultural problems in the 
Southeast, and the problems arising from overgrazing in 
the West to bring to the attention of the country as a 
whole the fact that soil has been and is bein destroyed 

come almost too late. Thus, in such regions as the south- 
eastern United States, the problem has become one not 
only of soil conservation but of soil regeneration as well. 

The realization that soil erosion in the United States 
had become so serious that it could not be controlled by 
private or local agencies came a t  the time of an acute 
unemployment crisis and in 1933 led to the establishment 
of the Soil Erosion Service in the Department of the 
Interior to carry out those rovisions of the National 

of soil erosion. 
For a number of years, research dealing with the prob- 

lems of soil erosion had been carried on iu a small way by 
certain State agricultural.colleges, and by a few bureaus 
of the Department of Agnculture, notably Chemistry and 
Soils, Agricultural Engmeering, Plant Industry, and the 
Forest Service. Several soil erosion experiment stations 
were being operated by the Bureau of Chemistry and 
Soils in cooperation with Agricultural Engineering. At 
these stations the research consisted primarily of con- 
trolled experimentation and involved the settmg up of 
run-off plots to determine amounts of soil loss and run-off 
from slopes of various grade and length on different soil 
t es and under different conditions of plant cover. P hese experiments were excellent demonstrations of the 
sevefity of erosion and were an important factor in arous- 
ing mterest in the problem. The station research also 
included experimental work on the design of. terraces and 
on erosion-resisting crop rotations and croppmg p:actices. 

It was rewpized by the Secretary of the Interior that 
there was need for further research, and in response to  his 
request to the Science Advisory Board in March 1934, the 
Land Use Committee of the Board engaged Prof. Carl 0. 
Sauer of the University of California to prepare specific 
recommendations leadin toward expansion of research. 
In a memorandum date: April 26, 1934, the Committee 
culls attention to the urgent need of undertaking as a unit 
research dealing with the relations of surface, soil, and 
climate to erosion.’ 

It had been recognized that soil erosion was inseparably 
related to land-use practices and could be controlled only 
through regulation of these practices. Consequently, in 
the spring of 1935 the Soil Erosion Service was transferred 

a t  an alarming rate. For some areas this rea K; xation has 

Industrial Recovery Act whic % related to the prevention 

1Sauer Carl 0 C. K. Lelth J. C. Mmiam and Isalah Bowman. Preliminary 
Reeommhdatlodof the Land-he Committee h a t i n g  to 8011 Eroslon and Crltfcal 
Land Marglns. Bcfence AdvLsory Board, Washington, D. C., 1934. 

from Interior to the Department of Agriculture. Shortly 
thereafter the Soil Conservation Service was established by 
act of Congress and soil-erosion activities of the various 
bureaus of the Department were consolidated within it. 

In July 1935, pursuant to the recommendations of the 
Science Advisory Board, the section of Climatic and 
Physiographic Research was established. In developing 
thisportion of the research program it was recognized that 
erosion is a geological process which is both normal and 
natural and which has been in operation since the first 
vapors condensed and fell upon the earth’s surface. 
Although soil erosion is a relatively new process, being a 
consequence of man’s misuse of the land, it is nevertheless 
a physiographic process initiated by the impact of climatic 
forces upon the earth’s surface and is subject to the same 
physiographic principles as apply to erosion in general. 

Eqerience has shown that it is neither possible nor 
desirable to separate erosion problems into a number of 
distinct minor problems which will conform to academic 
disciplines as we normally think of them. While it is 
necessary to invoke the aid of specialists, it  is also neces- 
sary for such workers to transcend the limits of their own 
particular field, at  least to the extent of being able to view 
and grasp the erosion problem as a whole. 

For the climatologist, this has meant conducting his 
investigations with constant reference to experimental and 
field work. Climatic factors operating to produce erosion 
must actunlly be observed and studied in the field. In 
order to solve climatic problems presenting themselves in 
the field, esisting climatic records must be examined and 
analyzed, additional data must be obtained wherever 
necessary, and where special problems demand the develop- 
ment of new techniques such must be devised. The ways 
in which these lines of approach have been utilized in the 
climatic work of the Soil Conservation Service constitutes 
the theme of this paper. 

THE ROLE OF CLIMATE 

Climate may be regarded as operating in two ways in 
affecting the amount and nature of erosion. On the one 
hand, the mechanisms of erosion, such as sheet-wash, 
gullying, mass-movement, and wind scour require water 
or wind for their operation and are also profoundl 
influenced by temperature conditions. The force wit 
which these mechanisms operate is, in any given situa- 
tion, directly related to climate. For example, generally 
speaking, the greater the amount of precipitation for any 
given time interval the greater will be the emount of 
erosion from running water. On the other hand, it is 
necessary to think. of surface conditionF-vegetation, 
soil, slope-as an integral part of the erosion complex, 
and to appreciate that similar storms will produce dis- 
similar erosion results in different regions because of 
variations in surface and cover. Under natural condi- 
tions the vegetation, soils, and land-forms of an area 
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reflect to a large degree its climatic conditions; and even 
where man has engaged in.farming, grazing, or lumber- 
ing, climatic influences on sod and slope and on the specific 
type of land utllization continue. The impact of climate, 
to a large extent, determines slope-soil-surface variations 
from region to region; and cannot be overlooked as a 
mode of approach to erosion problems. 

CLIMATIC DELIMITATION OF EROSION REGIONS 

In dealing with the climatic factors of erosion, the 
climatic classification has proved to be a-useful tool. 
No classification of any body of knowledge 19 inherently 
right or wrong; rather it is more or less useful. In this 
mstance it has been found that those climatic clwific& 
tions that are oriented with specific reference to the dis- 
tribution of natural vegetation and soils-such as those 
of Koppen a and Thornthwaite 3-are of value in char- 
acterizing and differentiating natural regions (fig. 1). 
The areal coincidence of climatic, edaphic, and ecologic 
elements makes it possible to identify natural regions 
within which erosion roblems are, in general, similar. 

United States is characterized by moderate to heavy 
precipitation,. high rainfall intensities, long hot summers, 
short mild mnters, heavy clay soils, and under natural 
conditions by forest vegetation. Because of high amounts 
and intensities of precipitation and because of the nature 
of the soil, the chief iorms of erosion are gullying and 
sheebwash. In the semiarid mesothermal southern 
Great Plains, wind erosion constitutes the chief hazard, 
and in the subhumid mesothermal summer-dry climate 
of California mass-movement assumes an important role. 
Similarly, the flood hazard is paramount in the humid 
microthermal region of New England,. where snow melt 
contributes to the spring discharge of nvers. 

Chmatic classification has proved useful also for 
determining climatic risk to agriculture. In virtually 
all of the agricultural areas of the United States there 
have been occasional years when the climatic conditions 
were sufEciently adverse to cause .total or partial crop 
failure. In some areas the climatic hazard is so great 
that crop failure is relatively frequent. If land abandon- 
ment does not result directly, it is brought about through 
crop failure as a consequence of soil depletion and wastage. 
By determining the type of climate that an area experi- 
ences during each year, or each season over a long period 
of years, the agricultural risk may be determined on an 
actuarial basis (figs. 2 and 3). Such information shows 
that some areas would profit by a change in crops or by 
reversion to grazing, and that other areas now being 
grazed should be allowed to return to their natural state. 
All such changes should be inaugurated before soil erosion 
becomes too severe and makes the land useless for any 
purpose whatsoever. 

Especial care is required for land-use planning in cli- 
matic tension zones, such as the Great Plains, where the 
climate varies great1 from year to year. At Grant, 

period of record ranged between a minimum of 9.47 
mches in 1910 and a maximum of 35.84 inches in 1915. 
For the 17 scattered years, in which records are com- 

Thus, the mesotherm ap humid area of the Southeastern 

Nebr., for example, t t e annual precipitation during the 

* KU pen Wladimlr. Verauch einer glessfflkatlon der KIimnte vormgaareise nach 
lhren &&mngen zur Pflanzenwelt, Qeogr. Zeitschr. Vol. 6 pp. &ll 617-670 1800‘ 
Idem Klasslfikatlon der Kllmate nach Temperatur, dledemhlag und Jahjraslauf Peter: 
ma& Mltt Vol 64, pp 103-203 7.43-248 1018. Idem. Die Klimate der Erde, B e r h  und 
Lelpzlg. id. A’new ciassification apphrs Ktippen-Gefger, Kllmakarte der Erde 
(1:aO,ooO,ooO), Juatus Perthes, Gotha, 1828. 

I Thornthwalte C Warren The Climatas of North America Ace0rdin.q to a New 
Classification. &o&. Rev., VoI. XXI, No. 4. p. 633-616, October 1931; Idem. The 
Cltmaba of the Earth. Qeogr. Rev.. Vol. XXIIf, No. 8, pp. 433-440, July 1833. 

plete, the climatic types (following Thornthwaite’s 
classification) were as follows: 

Humid 1, Moist subhumid 4, Dry subhumid 6, Semi- 
arid 5, Arid 1. By obtaining such figures for the Great 
Plains and other critical regions the climatic risk can be 
determined. The works of Russell and . T h o q t h w ~ t e  
show that the determination of yearly clunate serves as 
an effective basis for land-use planning. 

It must be reco,&ed that climatic risk analyses can 
be no better than the climatic classification on which 
they are based. Consequently, an important objective 
is to refine and readjust the method of classifkation so 
as to increase the value of contingent climatic risk studies. 
As long as climatologists appreciate the fact that such 
classifications are not an end in themselves, but rather 
convenient modes of synthesis, the need for this constant 
improvement will not be overlooked. In particular, when 
more satisfactory evaporation data are obtained, it will 
be possible to modify the Thornthwaite classification 
and render it more specifically applicable to erosion 
problems. This is one of the considerations that has 
stimulated the studies of evaporation being carried on at 
present and which will be discussed later. 

WECIFIC CLIMATlC FACTORB 

Within a climatic region each climatic factor has its 
particular significance in the processes of soil erosion. The 
definitive recognition of these critical factors has been 
achieved by working inductively from field and laboratory 
information and by working deductively from a considera- 
tion of general physical principles. For example, one 
might reasonably assume that erosion amount is directly 
related to rainfall intensity. Actually, field experience has 
demonstrated that such a simplistic view of the problem is 
not justified. Research in the Piedmont area of South 
Carolina indicates that intense local showers are chiefly 
responsible for gullying and sheet wash while the gentle, 
long continuing general rains cause gully-caving and 
filling.’ Lighter ramfalls tend to induce mass-movement 
as contrasted with more spectacular cutting or sluicing 
caused by rains of h g h  mtensity. This relationship 
between rainfall intensity and soil erosion involves type 
and extent as well as amount ?f erosion. 

The climatologist dealing w t h  the practical solution of 
the erosion problem cannot be satisfied with working 
merely in terms of “rainfall amounts.” Precipitation 
components such as storm duration, area, and frequenc 
require consideration similar to that accorded rainfa 
intensity. Likewise, the temperature factor must be 
analyzed in detail. The number of times the freezing 
point is crossed together with prevailing soil moisture 
conditions are of critical significance because of thcir bear- 
ing on weathering and frost action. Temperature rela- 
tionships as they affect snow accumulation and melting are 
important in any considerat,ion of flood and run-off 
problems. Wind velocity is still another critical climatic 
element. It is necessary to compare seasonal variations 
in velocity with the crop calendar in order to determine 
whether velocities are sufEciently high to constitute a 
hazard at  those times of the year when the fields are plowed 
or left fallow. 

91 

4 Thomthwaite. C. Warren. Tbe 8lgnifloance of Cllmatic Btudies In Agricultural 
8 Russei1,Rlchard Joei. Climatic Ye&?. Gehgr. Rev., vol. X X N .  No. 1, pp. Qfb-lOa. 

Research Boil Bcl. 8oc America Proc vol. 1 pp. 476-480, 1037. 
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The statistical treatment of these factors through the 
andysis of Weather Bureau records comprises a ty e of 
climatic risk study. The problem becomes one of &her- 
mining what rainfall intenslties, storm durations, tempera- 
ture variations, or wind velocities are to be expected in a 
even region during a specific period of tme. Such 
mvestigations are related directly to particular erosion 

rocesses and land-use practices rather than to erosion or 
rand utilization in general. In this respect they differ 
from the climatic risk studies associated with the classi- 
fication of climates, but the two are complementary and 
integrally related. 

Unfortunately, only two specific climatic factors, 
rainfall intensity and storm amounts of precipitation, have 
been treated in d e t d  in the literature of climatology or 
hydrology. Hydrologists and engineers, faced with the 
necessity of estimating the maximum storage capacity of 
their reservoirs or disposal systems, have developed 
various methods of determining the frequency of specified 
amounts of precipitation. The most important of these 

nificant only when the number of random or independent 
observations is taken into consideration. Since rain- 
storms are individual entities and affect areas, not mere1 

at  adjacent stations. By using Bartels’” technique for 
testing persistence, the amount of correlation between the 
various rainfall records was determined, and the reliability 
of the frequencies for the higher storm amounts was 
shown to be exceedingly low while that for the maximum 
storm is completely unreliable. 

Yarnell’s study presents intensity-frequency data for 
short time intervals and thus gives particular emphasis 
to local intense rains. It is based on records from ht- 
order Weather Bureau stations throughout the United 
States. Since there are only 211 such stations serving 
an area of over 3,000,000 square miles, it is clear that the 
storm centers of highest intensity, which are rarely more 
than 25 square miles in extent, would in the vast majority 
of cases be missed by such inadequate sampling. The 
chances that the center of the storm of maximum intensity 

points, there will be correlation between rainfall recor (9 s 

PnEcipITmm un~w 

Fiowr rl.-htensIty-frequency curves of 16-minute amounts of precipitation by m o m  for nine fIrst+rdeo Weather Bursau stations. 

are the Miami Conservancy District’s study of storm 
amounts of rainfall and Yarnell’s publication, “Rainfall 
In tensi ty-Frequency Data.” 

The Miami investigation utilized records from all f is t -  
order and cooperative Weather Bureau stations east of the 
one hundred and third meridian and, dividing the eastern 
United States into quadrangles 2’ square, applied the 
station-year method in preparing expectancy figures. 
In brief, this method assumes that if there are 5 stations 
in a given area of assumed climatic uniformity, each 
having y years of record, then the roduct zy may be used 

the area. Thus, if there were z occurrences of any given 
rainfall intensity in the area its frequency would be stated 
as 3! years. Clarke-Hafstad has shown that the results 
obtained by this statistical technique are not as reliable 
as has heretofore been assumed.1° The results are sig- 

as a total aggregate record app I; ying to any point in 

2 

8 Miami Conservancy District. Stotm Rainfall of Eastern Unlted States (Revbed). 

@%&ell. Davld L. Rainfall Intensity-Frequency Data. U. S! Dept. Agriculture 

10 Clarke-Hafst~d Katharine A Statistical Method for Estimatfng the Beliability of 

Da ton lQS6 

Mho. Pub. No. 20(.1BB(L 

a 8t . th -YW h d l  Be0o;d. T-. A. Q. U.. lw. 

would be recorded are for the United States about 1 in 
600, for the Great Plains, 1 in 1,000, and for the western 
States even less.la 
In order to determine the relation of Yarnell’s observed 

values to the maximum values not observed it is necessary 
to have, in sample areas, a very much closer spacmg of 
automatic raingages than is provided by the firstcorder 
Weather Bureau stations. The wa in which the new-  

in which they are being used will be discussed in a later 
paragraph. 

The station-year method and Yarnell’s method both 
give only annual intensity-frequency data. In soil con- 
servation operations, where a seasonal rhythm of fanning 
operations and of lant growth must be considered, it IS 

vary from season to season. Under successful farm 
management the soil would not be left exposed to erosion 
in a season of serious hazard. 

sary rainfall data have become avm T able and the manner 

necessary to know Yl ow precipitation intensity-frequencies 

11 Bartels J. Zm M o  hologie Qeophyslkallscher Zeltfanktlonen. Sonderaw. am 
1’ Thornthwaite, C. W. The RtU8bUty ol Balnlall h t e n s l t p h q ~ &  hWh- den Sitrbc; der Preussaen Akad. der Wiss. Phys. Math. Klasse. Vol a0 1936. 

&M. TranS.A. Q,V.,lW7. 
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A recent studyl3 utilizing detailed rainfall data from 
three eastern stations and from six stations in the southern 
Greet Plains and sou them Prairies has demonstrated 
the practical value of detailed statistical analyses of indi- 
vidual climatic factors. The data were analyzed with 
regard to seasonal variations in rainfall intensity, storm 
duration, storm frequency, diurnal variations in rainfall, 
and length of rainless penods. 

Rainfall intensities are highest during the summer and 
lowest during the winter due to the predominance of con- 
vective precipitation during the summer and of warm 
front, cyclonic precipitation during the winter. In the 
eastern Piedmont and mountain section, autumn and 
spring intensities are of equal order of magnitude; while 

where spring is the season having the maximum number 
of storms. 

An analysis of diurnal variation in rainfall shows a sum- 
mer afternoon maximum associated with thermal convec- 
tive showers a t  the eastern stations, whereas there is a 
summer nighttime maximum in the prairies area. Al- 
though the summer nighttime maximum has been recog- 
nized for some time l8 detailed study of the diurnal varia- 
tion in amount, frequency, and intensity of rainfall has 
suggested for the b t  time a number of climatic problems 
that are both directly and indirectly related to soil con- 
servation problems. Not only do rams fall during periods 
of darkness when the evaporation rate is low, but also the 
intensity of precipitation usually is less than that occurring 

FREWENCf CYwn) 

FIGWEE &-Drought frequency curves by saasom for elght Brst-order Weather Bureau statlous. 

in the coastal area, as represented by Washington, autumn 
rains are more intense than those occurring in the spring. 
In the Prairie region, spring intensities for 15-minuie 
periods are almost as high as summer intensities, while 
farther west a t  Amarillo and Dodge City intensities of 
spring rainfall are markedly less than those of summer 
but are about equal to those of autumn (fig. 4). 

Rainfall duration and storm frequency both vary with 
the seasons. The warm-front storms characteristic of the 
winter season are of long duration. Summer Rhowers of 
the thermal or frontal convective typeI6 are short and 
more intense. Storm frequencies are highest during the 
summer and lowest during the winter, except at the three 
Prairie stations-Fort Worth, Dallas, Oklahoma City- 

1' These stations were Lynchburg. Washington. and Elklns In the East: Dallns. Fort 
Worth. Okiahnma City, and Wlchita in the Pralrie area; and Amarillo and Dodge City 
on the High Plains. 

1' Blumenstock, Dsvld I. Ralnfall Characterlstlu an Related to So11 Erosion. U. 8. 
D. A .  Tech. Bull. (In press.) 

1sThermnl mnvectlon Is  that whlch arlsas through stee nlng of temperature lapse 
rates either by lnsolatlonal heating at the surfaca or radlatcnal coollng aloft. Frontal 
mnvectlon Is cau.wd by the relefm of the ~ ~ ~ m o d ~ l o  instablllty of the sir by me- 
ohanlcal lifting along a frontal surface, 

during the daytime. Evidence collected on many air- 
plane fights indicates that the moisture, which produces 
nighttime precipitation in the Plains, comes from. the 
upper levels of the atmosphere aqd suggests thftt it is 
released primarily through convection due to radiational 
cooling from either the tops of cumulus clouds or moist 
layers of air aloft. 

A study of nighttime rainfall maxima in terms of the 
thermodynamic structure of the upper air shows that the 
dearth or abundance of summer convective rainfall in the 
Plnins is associated with abnormalities in this thermody- 
namic structure. 

A study of the frequency of rainless periods of varying 
length provides a basis for determining drought and conse- 
quent erosion hazard. Frequency curves showing the 
seasonal expectancies of rainless periods . demonstrate 
that in addition to quantitative differences in the expect- 
ancies from station to station and area to area there are 

~ 

18 Kincer J. B. Daytime and Nighttlme Precipit+tion and their Economlc 8kOpnifl- 
m c e .  M ; ) N T ~ Y  WU. BEV., a:o-, 1 e ~ .  
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also contrasts in the relative rank of the four seasons 
(fig. 5). The number of consecutive days without rain 
to be expected every year varies among the stations investi- 
gated from 33 at Amarillo, Tex., to 12 a t  Elkins, W. Va. 
The maximum number of consecutive rainless days occurs 
variously in summer, autumn, and winter a t  various sta- 
tions, and for the one-year frequency ranges from 25 in 
winter a t  Amarillo to 10 in autumn a t  Elkins. The 
smallest seasonal maximum period of consecutive rainless 
days occurs in winter, spring, and summer a t  various 

groups, but both indicate that summer drought expect- 
ancies are high, as contrasted with the lower expectancies 
for this season at  Olilahonia City and Wichita. 

By analyzing these data in connection with temperature 
and wind observations the drought hazard can be deter- 
mined. Since only extremely high temperatures per- 
sisting several hours have in themselves R lethal effect on 
the type of crops raised in the Plains, it is necessary-in 
most cases 'to 'consider temperature principally in relation 
to the rate of evaporation and the wilting point. Maxi- 

3b 0 
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P p  Polar Pacific Air P c  Polar Continental Air Tg  Tropical Gulf Air N Transitional Type 

- Cold Front .............. Warm Front -.-.-. Occluded Front 
FIGWE O.-Synoptlc maps for Beptamber 12,1838. 

stations ranging from 16 in summer at  Amarillo to 6 in 
winter at  Elkins. In  the East, seasonal expectancies rank 
in the same order a t  Washington and Lynchburg, summer 
rainless intervals being the shortest and those of autumn 
the longest; but Elkins, in the mountains to the west, 
experiences shorter rainless periods during winter and 
spring than during the summer. In the Prairie area, 
spring is charactenzed by the shortest rainless intervals; 
while on the High Plains to the west, as represented by 
Amarillo, the shortest rainless periods are experienced in 
summer, and spring has rainless intervals almost as long 
as those occurring during the winter. Minor differences 
are displayed between the Fort Worth and Dallas curve 

mum temperatures are experienced in the Plains area of 
northern Tesas, western Oklahoma, and western Kansas. 
These data will be of greater value when they are inter- 
preted in the light of evaporation investigations now in 
progress. 

Since drought may destroy the vegetation cover and 
since the alternation of wet and dry periods tends to 
break down the soil aggregates, frequency and length of 
rainless periods determine in part the availability of soil 
for wind transport. Therefore, the coincidence of maxi- 
mum drought expectancy with periods of maximum e n d  
velocity would create a particularly severe wind eromon 
hazard. Frequently, high wind velocities are of relatively 
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short duration and are associated with successive passages 
of cold or occluded fronts. The most spectacular “black” 
duststorms generally occur with these types of fronts 
but serious wind erosion can also occur during prolonged 
periods of moderate wind velocities. Wind erosion studies 
must be accompanied both by synoptic studies of the 
meteorological situations which yield “duststorm” con- 
ditions and by descriptive statistics on monthly and 
seasonal variations in wind velocity. 

The various statistical studies discussed above will 
provide basic data for a series of climatic risk maps in 
terms of specific critical climatic factors. From these 
maps it will be possible to ascertain the climatic hazards 
wh1c.h must be combated in any region if effective soil 
conservation practices and the necessary changes in farm- 
ing techniques, crop calendars, and farm economy are to 
be adopted. 

FIELD STUDIES O F  CLIMATE 

For climatic risk studies Weather Bureau records 
extending over a number of years are indispensable, since 
without them it would be impossible to determine fre- 
quencies of critical climatic values, such as precipitation 
intensity-frequency or frequency of rainless days. There 
is, however, in sod conservation, also a need for studies 
in which climatic observations are made and correlated 
with actual field observations of erosion processes and the 
resulting land forms and with .observations of surface 
run-off. This requires the detailed study of individual 
rainstorms in relation to the types of run-off and erosion 
which they produce. Initial studies have indicated that 
various types of rainstorms produce characteristic pat- 
terns of run-off and forms of erosion, and have demon- 
strated the need for careful study of individual rainstorms 
and for the development of a system for rainstorm classi- 
fication. 

RAINBTORM MORPHOLOQY 

In  order to make possible the study of individual rain- 
storms, the Soil Conservation Service, in cooperat,ion with 
the Weather Bureau, installed in October 1935, with 
W. P. A. funds, 200 weather stations, spaced approxkntely 
3 miles apart, in an area of about 1,800 square miles in 
west-central Oklahoma. Over the entire area simultaneous 
observations of temperature, relative humidity, wind 
velocity, and wind direction were made each hour from 
7 a. m. to 7 p. m., and during storms rainfall was recorded 
at 15-minute intervals.” 

The results obtained were of sufEcient value to justify 
the establishment in March 1937 of a similar microclimP tic 
study in the Muskingum Valley in Ohio, where 500 weather 
stations, each including a self-recording rain gage in addi- 
tion to the mstruments supplied m Oklahoma, were spaced 
approximately 4 miles apart in the 8,000 square-mile water- 
shed. More recently, recording anemometers and hygro- 
thermographs were installed at  half of the stations. 

The records from both projects are used in the prepara- 
tion of detailed climatic maps, the most significant of 
which are those of rainfall. The Oklahoma maps show 
the rainfall distribution for every 15-minute period and 
the accumulation ?f rainfall by 15-minute intervals for 
each storm. In Ohio, similar maps are prepared for half- 
hour intervals. Distribution of temperature, relative 
humidity, fog, dust, and wind velocity and hrection are 
also mapped to help explain the rainstorms and permit 
their classification according to types. Supplementary 

11 Thornthwaite, C. Warren. The Life Hlstory of Rainstorms. Pro Report Irom 
the Oklahoma CllmstIc Research Center. Geogr. Rev., Vol. X X V I I , E l ,  pp. Q2-111, 
JanUarY 1837. 

maps show the rainfall rtccumulation for each day on which 
precipitation occurred and the daily accumulations by 
months as well as for the entire year. 

Rainfall records from 120 self-recording gages distributed 
over the entire upper Ohio and Susquehanna watersheds 
have been available since January 1.1938, and maps of the 
rainfall of each hour are being made (fi s. 6 to 11). Figures 

material available for the investigations discussed m the 
following pages. 

In each case the battery of rakgages is regarded as.& 
single instrument for obtaining smultaneous samples 111 
-different parts of rainstorms in sufficient number to de- 
termine their characteristics. Rainstorms are subject to 
the same kind of observation and classification as other 
phenomena, and through the analysis of a large number 
already observed, a begmnmg on a taxonomy of rainstorms 
has been made. It, has been found that rainstorms have 
characteristics of size, shape, internal structure, distribu- 
tion of intensity, and migration pattem?.ls 

It is known from general meteorological considerations 
that rainstorms of other sections of the United States are 
of the same types as those in Oklahoma, Ohio, and Pennsyl- 
vania, and that the differences in rainfall characteristics 
which may exist in two regions are due to variations in 
storm type frequencie?. Recognizing that each storm type 
is responsible for particular combinations Of erosion. forms, 
the great variation in erosion pattern m the different 
climatic regions becon?es. apparent. 

When the charact,erist8ics of various rainstorm types are 
known it becomes possible to relate soil erosion to the 
particular storm which produced i t ;  to note the effect of 
different rainfall intensities and durations in producing 
specific erosion results which can be determined in the 
field; and to contrast immediately adjacent areas where the 
rainfall sequences for the particular storm. were not alike. 
I n  short, climatic data in a detailed quantitative form can 
be matched with corresponding quantitative field data 
based on observations made while erosion was actually m 
progress. The field thus becomes a laboratory in which the 
climatic factors of soil erosion become known. 

6 to 11, inclusive, are presented to i lf ustrate the type of 

SPACING OF RAINGAGES 

The determination of the distribution, intensity, and 
duration of rainfall requires a sampling procedure since i t  is 
manifestly impossible to-measure every drop. The accu- 
racy of these determnatlons depends upon the relation of 
raingage spacing to size and structure of rainstorms. 
All storms possess basically similar structural character- 
istics, each having one or. more. nuclei of high rainfall inten- 
sity and large total precipitation amounts whch diminish 
as one approaches the periphery. General storms cover- 
ing several hundred thousand square miles require no 
more gages to obtain an adequate sample than do local 
showers of only a few hundred square miles in extent, 
since with an increase in storm size the precipitation 
variability per unit ares decreases. For sampling general 
storms the existing network of first-order and cooperative 
Weather Bureau stations is adequate as to spacmg, but 
recording gages are needed a t  more of these stations.. For 
small summer thunderstorms the network is totally made- 
quate both with respect to spacing and type or record 
obtained. 

The question of raingage-spacing depend? fint of all on 
the specific purpose for whch the observahons are to be 

~ 

11 Thornthwaite. C. Warren. Microclimatlo Studies in Oklahoma and Ohio. Bdenoe. 
VO~. 88, NO. 2a22, pp. 100-101, JUIY ao. 1837. 
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Fmmr 9.-Predpttation In Inches over the Muakingum dralnage b d n  for the lshour period, noon to midnkht, September 12,1838. Records born the Soil Conservation Servion. 
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howr lO.-Precipltation in inches over the Benecsville, Ohio, project area for the 12-hour period, noon to midnight, September la, 1938. Records lrom the So11 OonServatbn 
Bervice. 
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mow= 1l.-Preclpitntion in Inched o m  the Soil and Water Conservatlon Experiment Rtation at Zanesville, Ohio, for the lzhour perlod, noon tomidnight. September 12,1988. 
Records from the Soil Conservatlon Rervlce. 



NOPEYB~B 1038 MONTHLY WEATHER REVIEW 365 
made. For flood forecasting, water stages in excess of 
definite critical height in given reaches of a stream must be 
anticipated. A given water level in a stream is produced 
by a deh i t e  discharge in cubic feet. per second which, 
under conditions of 100 percent run-off, is due to a definite 
rate of rainfall. Knowing the area-depth relations of 
various rainstorm types it is possible to determine the area 
of the smallest storm that would yield a discharge which 
would produce the critical flood stage. The determination 
of the spacing of raingages necessary to permit adequate 
sampling of such a s t o w  is a straightforward procedure. 

If rainfall observations are made for the purpose of 
storm sewer design in a city the raingage network must be 
such as to obtain an accurate measure of the structure of 
small storms. In  order to obtain representative data it 
would be necessary to have the network cover an area 
much larger than that involved in the particular design 
problem; otherwise too few storms would be sampled. 
The method of determining the appropriate spacing would 
be the same as that already described. 

Rainfall figures used by agronomists in studying climate- 
crop relationships must be sufficiently detailed so that the 
sampling error is not large enough to affect the sig@ficanc.e 
of their conclusions and will depend on the type of mvesti- 
gation being conducted. In  no case would a single rain- 
gage in a county be sufficient because of the small size and 
random distribution of summer convectional storms, which 
are of paramount’ importance to growing cro s. 

that of flood forecastmg, the former bemg concerned with 
the portion of the precipitation which is retained on the 
land and the latter with that which runs off. Neverthe- 
less, the raingage spacing appropriate for agronomic 
studies cannot be deterrmned-m the same mannqr as that 
for hydrologic studies since climate-crop studies involve a 
consideration of local variations in distribution of rainfall 
due to the random occurrence of-storms as well as a con- 
sideration of storm sequence whde flood studies are con- 
cerned only with the volume of water delivered into a 
stream. The problem-of raingage spacing for agronomic 
studies, however, requires for its soluhon a knowledge of 
rainstorm pattern and frequency. 

There can be no single ideal raingage spacing equally 
desirable for all purposes. A network perfectly adapted 
for one purpose may be grossly inadequate for another and 
at the same time extrava ant1 excessive for a thnd. It is, 

bution of its network of ramgages, since it is adequate for 
certain purposes. On the other hand it would be unfor- 
tunate if the Weather Bureau were to fail to recognize that 
other problems require more detailed rainfall data than 
can be supplied by the existing network. 

Since station-spacing as a sampling problem is of critical 
practical significance in soil erogion studies, work leading 
to the solution of this problem is now in progress. Data 
from the Oklahoma and Ohio climatic research centers and 

rinciples of rainstorm morphology already developed are 
geing employed. 

The analysis of rainstorms and the detailed precipita- 
tion data on which it is based are of practical significance 
in hydrologic studies. Total precipitation on a watershed 
can be calculated for any storm with greater accuracy 
than ever before, permitting refinements in rainfall-run- 
off studies not prevlously possible. The determination of 
precipitation intensity-frequencies by the station-year 
method and by Yarnell has already been discussed. It 
was pointed out that the chief limitation of Yarnell’s 
rnatcrial was due to the wide spacing of raingages. For 
such areas aa the Muskingum Watershed, where micro- 

The problem of crop forecasting is comp P ementary to 

thus, unfair to criticize t % d  e. eather Bureau for the distri- 

climatic studies are in progress, Yarnell’s intensity- 
frequency figures may be corrected to include the observa- 
tions of small intense storms which were not recorded by 
&&-order Weather Bureau stations. The magnitude of 
correction necessary will indicate the reliability of Yar- 
nell’s figures and it will then be possible to adjust the 
intensity frequencies accordingly, not only in areas where 
closely-spaced raingages are m operation but also, b 
extrapolation, in other regions. Results thus obtained: 
while not absolute1 accurate, will be more reliable than 

large number of intense storms that were not recorded 
at first-order Weather Bureau stations. 

those derived by -9 arnell, who was unable to include the 

DETERMINATION OF T H E  MAXIMUM STORM 

In  addition to the statistical methods of detcrmining 
frequencies of intense rains a technique for transposing 
maximum s t o m  from the area where they occurred to 
other areas where they might reasonably have occurred 
and where a malrimum of run-off would be produced, has 
been in use for several years.’O The technique of storm 
transposition is a useful means of supplementing the 
statistical methods and increases the applicability of pre- 
cipitation intensity-frequency data, but it, like the other 
techniques, is subject to limitations imposed by the len th 
of records for the stations used. These techniques invo 7 ve 
the malysis of past rainfall experience and have no way 
of determining the probability that the maximum storm 
already experienced can be surpassed in the future, nor 
can they indicate by what amount and with what fre- 
quency it might be surpassed. 

Studies of individual storms have suggested a new 
approach to the problem of calculating possible storm 
maxima. By studying the detailed synoptic maps for a 
variety of storms which yielded excessive amounts of rain- 
fall it would be possible to determine the values of meteoro- 
logical elements involved in producing precipitation. 
Such factors as the slope of frontal surfaces, rate of ascen- 
sion of moist tropical air over polar air, and the thermo- 
dynamic structure of air masses with respect to potential 
energy available for convection and maximum total 
precipitable moisture could all be ascertained. From the 
values derived, the factors most favorable to prolonged 
and intense precipitation could be selected and, by adjust- 
ing their values upward within reasonable meteorologic 
limits, possible synoptic situations which would provide 
higher rainfall than had previously been recorded could 
be anticipated. In  some meteorological situations the 
possibility of altering the value of certain factors that 
partici ate in the production of high precipitation amounts 

be some elements that could logically be altered to increase 
the computed maximum rainfall. The method employed 
would be based on real data representing spec&c con- 
ditions already experienced but would yield rainfall 
figures which although in excess of the maxima recorded 
to date, would still be below the maximum possible. A 
genetic classification of rainstorms, now being developed, 
will bring out the salient points regarding storm evolution 
in any climatic region. Such a classification will be of 
value in the analysia of individual storms. That some 
such technique is needed is shown by the numerous in- 
stances of dam failure, which indicate that maximum 
storm amounts have been seriously underestimated. 

is prec P uded, but in every synoptic situation there would 

1) The method*pf storm transposltlon was deacrlbed and Illustrated b Adolph F. 
Meyer In a text, Elements of Hydrology’’ flrst published In 1917. MerrdBernard has 
Introduced certaln refinements through the use of the unlt bYdromaDh (U. 8. Oeologld 
Survey. Water-6upply P a w  771. pp. 218-241) and Gail Hatbawiy hes hllo~ed-tha 
practlm of itudyhg the meteorological background of itorms transmsed. 
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FIELD MOISTURE DEFICIENCY AS A CLIMATIC FACTOR 

Studies of climatic risk and of climate-crop relationships 
where preC; itation is the climatic factor involved, have 

reason for the failure of these studies is that it was at- 
tempted to relate the total precipitation to the crop 
growth or yield data. Since losses through run-off and 
evaporation are considerable but variable it is obvious 
that correlations should be made. with that. portion of the 
precipitation r e m e g  in the sod and avadable for plant 
use, rather than m t h  the total. Ths residual precipitation 
is field moisture and should be obtainable as a difference 
between pr!cipitation and run-off. Attempts to deGve an 
equivalent mdex 0.r coefficient, evaluating precipitation in 
terms of evaporationl temperature, or other factors have 
been made by. many mvestigatora.PO 

Hydrogologists have made use of similar run-off coeffi- 
cients in whch the ratio of run-off to precipitation is 
determined. Such coefficients are unsatisfactory because 
they ignore the fact that precipitation is a definite physical 
quantity and that those portions which run off and which . do not are likewise defimte physical quantities. In order 
to be satisfactpry a precipitatipn-effectiveness indes would 
be expressed 111 the same umts as the precipitation Ond 
would include only that portmion of the precipitation whch 
is available for plant growth. 

Researches leading to the development. of a climatic 
index of soil-moisture conditions have requlred a detailed 
study of rainfall-run-off relationships. For this purpose, 
data collected in the Muskingum Valley in Ohio have 
been drawn upon. There, run-off has been determined 
for several years a t  many stream gaging stations on the 
main stream and its tributaries, and with the establish- 
ment of a dense network of raingages and other meteoro- 
logical instruments it became possible to examine the 
ramfall-run-off problem in great detad. For practical 
reasons the study was limited to the Upper Licking water- 
shed a proximately 800 square miles 111 area. 

F;&ar are the hydrologc generalizations that run-off 
equals rakfall minus losses throvgh evaporation and 
transpiration and that run-off consists of surface run-off 
plus base flow Or ground water run-off. It has been 
possible with a fair degree of accuracy to 4etermine surface 
run-off and base flow as well as precip:tation on the 
Upper Licking. The portion of the precipitation which 
does not run off remains in the soil to replace the soil 
moisture which has previously been lost by evaporation 
and transpuation. The amount of this replacement, 
being the difference between the two known values, is 
easily determined. The rate a t  which the loss is built up 
and its areal hstribution cannot be determined in this 
straightforward manner. Progress in .the instrumental 
determination of evapo-tppspiration m!l be .discussed. in 
a later. section. Recognivng the practmal impossibility 
of obtaming obs?rvational measures of evapo-transpiration 
losses ?n any widesp.read scale for some time, a plan to 
deterxrune them emplricallv was maugurated. 

A number of basic postulates were necessary: (1) Water 
in the soil. consists of soil moistufe and ground water; 
(2) soil molstyre is the capillpry moisture or field moisture 
which the sod can hold agamst gravity plus hygroscopic 

yielded rem P ts less precise than are needed. One important 

BI Discussions ofa number of such attempts will be found in Thornthwaite's Climates 
cf North America According to a New Classifleation (footnote 3, p. 634). The foliowlng 
recent summary articles should be consulted in this connection: 

Phlllp is A. de. Classlflcatione ed indizl del cllma in rapport0 alle vegetatione fore- 
atale Ita&&. Nuovo Gior. Bot. Itnl. N. Eer., vol. 44, No. 1, p 

Rubner, K. Die Iomtlich-tllmatische Einteilung Europas. geltschr. filr Weltforst- 
wlrbchaft Band I heft 6 pp. 422434 March 1938. 

Moresu' R. E. 'Climaiic Classiflcahon from the Standpoint of E& African Blology. 
Jour. Ed., vol. 26, No. 2, pp. 467-496, A u m t  1998. 

1-169, 1937. 

water; hygroscopic water is 8p inseparable part of the soil 
complex, while the remammg .water can be lost only 
through evaporation and transplration ; (3) Found water 
is a Rurplus which the sod cannot hold agamst gram!y 
and which produces base flow or ground water run-off .m 
streams; (4) soils have inherent field moisture capacities 
and have inherent rates a t  which field moisture and ground 
water can be increased; (5) surface run-off occurs only 
after the inherent moisture capacities have been reached 
or when the rate of infiltration is exceeded by the rate of 
precipitation; (6) field moisture deficiencies at  the time of 
a rainstorm largely determine the characteristics of run-off 
resulting from the storm. 

At the present stage of inquiry the rate of moi?ture loss 
from the soil through evaporation and transplration 1s 
assumed to be a direct function of the saturation deficit 
and the wind velocity. While this assumption is not 
strictly warranted because of the other. parameters in- 
volved in the evaporation relationship, it is being used 
pending the completion of evaporation studies, now- in 
progress, which will provide new informatiop regardmg 
the evaporation process. Furthermore, there is a decrease 
in the rate of evaporation from the soil during rainless 
periods, as the moisture surface moves downward in the 
profile. New moisture cannot be supplied from below 
because the rate of evaporation fa: exceeds that pf capil- 
lary movement. There is a similar decrease-m tran- 
spiration since the number of rootlets supplied with ample 
water constantly decreases during raipless penodp. For 
these reasons the general assuniption mvolmg wmd and 
saturation deficit has been modified to allow for a decelera- 
tion in rate of moisture loss. 

Using this method, reasonably accurate continuous 
values of surface run-off and base flow have been calculated 
from meteorological .observations alone. These values 
provide the only possible present check to the accuracz of 
the empirically determined field-moisture deficiencles. 
Further refinements are, .however, necessary and will 
involve the use of infiltration rates for specific sod types 
and a consideration of the influence of farming operations. 

The recency of plowing, the depth of the furrows, and 
the nature and maturity of the crop will affect the amount 
of surface storage of water, the rate of overland flow! and 
the rates of evaporation and transpiration. Smce early 
spring of 1938 t,he farming operations and the condition 
of land and crops over the entire Upper Licking watershed 
have been under constant observation by field men who 
cover established routes once each week. From their 
reports on the condition of the land at  the time of each 
ram it is hoped that a dehitive answer may be given to 
the question of the influence of land-use practices on run- 
off and floods on large watersheds. 

Because of the small size of many rainstorms in summer 
especially and their random distribution in an area, 
resulting in great areal variations in rainfall even in a 
region of limited size, there is frequently deve!oped con- 
siderable local variation in field-moisture deficiency even 
where potential evaporation and transpiration losses are 
uniform. Where climate-crop studies are based on 
effective precipitation rather than total precipitation it is 
especially necessary that a fine network of ram gages be 
available. 

It has been pointed out that because of the infinite 
variet of possible combinations and sequences of indi- 
vidua f climatic elements the climate of each crop year is 
unique and could never be repeated exactly (see footnote 
4). It is equally true not only that the field moisture 
deficiency regime of a place will not be duplicated in 
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another year but also that it will not be duplicated in 
another place. 

Since the rainfall sequences a t  stations within a few miles 
of each other are frequently quite different, what amounts 
to several years of ramfall experience can be obtained in a 
single year. Hence, where the climate-crop studies in- 
volve field e erimentation, as is frequently the case, 

would yield in a single year the equivalent of several years 
results from ordinary climatic records. Recognizing this 
fact, the Ohio Agricultural Esperiment Station and the 
Division of Crop and Livestock Estimates are planning 
active cooperation with the Soil Conservation Service in 
Ohio, where the wealth of detailed climatic data are being 

simultaneous T i entical experiments in a number of places 

- 
obtained. 

A further imdication of local variations in field-moisture 
deficiency shodd be mentioned briefly. In  run-off and 
flood forecasting studies where run-off coefficients are 
used, great difEculty is encountered in determining in 
advance just what percentage of the precipitation will 
run off, a necessary factor where run-off is predicted 
from rainfall values alone. The great variation in the 
run-off coefficient is due largely to variations in field 
moisture deficiency since generally little run-off will 
occur, except in intense rams, from an area until the 
deficiency is removed: 
In order to determne a run-off coefficient to be used in 

forecasting run-off using rainfall data the so-called index 
area method has been suggested. The method requires a 
small watershed within the large one €or which forecasts 
are to be made and which is supposed to be representative 
of the large one. On the small index watershed, detailed 
rainfall and run-off data make prompt determination of a 
run-off coefficient possible. Assuming, then, that the 
run-off coefficient of the index watershed bears some con- 
sistent relation to the coefficient of the large watershed, it 
becomes possible to obtain the required run-off coefficient. 

As has been pointed out previously, the effect of small 
local storms is to develop considerable local variation in 
field-moisture deficiency. Since the local storms occur in 
random fashion, the index area will frequently be missed 
by a series of small storms which occur elsewhere over the 
large watershed or the index area may be visited by 
storms not received elsewhere. In the first instance the 
field-moisture deficiency of the index area will be greater 
than that elsewhere in the watershed, whereas m the 
second case the deficiency will be less. In  either case a 
run-off coefficient derived from the index area and applied 
to the watershed will yield erroneous run-off determination. 

Almost invariably floods on large watersheds are due Lo 
general rains, which remove the field-moisture deficiency 
from a considerable area. Insofar as the field-moisture 
deficiency of the watershed varies from that of the index 
area a t  the time of a flood-producin rain the flood fore- 

If it becomes possible to determine field-moisture de- 
ficiency from meteorological data alone each station on a 
watershed from which rainfall records are obtained for 
flood forecasting should serve as an index station. When 
a general rain occurs the portion required to restore soil 
moisture in the neighborhood of each station could be 
deducted and the remainder used in the run-off compu- 
tations. In this manner flood forecasts should be 1111- 
proved. 

casts using the index area method A be in error. 

STUDIEB ON EVAPORATION 

In the consideration of the relationships between rain- 
fall, run-off, and soil-moisture deficiency it has been seen 

118684--38-2 

that evaporation is a critical quantity. In climatic classi- 
fication the need is felt for refinement based on further 
knowledge of actual evaporation, and in investigation 
of climatic risks, such as drought, evaporation is a highly 
significant element. However, among all the climatic 
factors of agricultural significance, the measurement of 
evaporation has probably offered the most difficulty and 
for that reason is least well-known. Work has, therefore, 
been initiated with a view towards obtaining more specific 
information concerning evaporation. 

Of the total precipitation that falls on continental 
areas, part is returned to the oceans as run-off and under- 
ground water flow and the remainder is eventuall returned 

ground and from water surfaces such as rivers and lakes, 
and by transpiration from plants. A recent publication 
based on aerological data and using modern meteorologi- 
cal analysis, has shown that the amount of reprecipitation 
over land areas of land-evaporated moisture is so small 
in comparison with the precipitation derived from oceanic 
source regions that it is of minor significance in any 
general consideration of the hydrologic cycle. Precipita- 
tion is derived principally from air masses whose source 
regions are the oceans and evaporation takes place mainly 
into dry continental air masses. 

The role of evaporation in the hydrologic cycle is 
significant, therefore, not because of the amount of 
reprecipitation which may occur but because evaporation 
is the mechamsm whereby soil moisture and stored 
water are depleted. Hydrologists and agronomists are 
both vitally concerned with the rate at which this loss 
occurs. It is t.herefore the task of the climatologist to 
determine actual evaporation rates under different at- 
mospheric conditions and under different conditions of 
surface cover and land use. Such information would 
make possible the determation of the moisture regime 
of climatic regions and subregions or of areas of even 
smaller size. 

to the atmosphere by evaporation from the sur 9 ace of the 

THE DETERMINATION OF ACTUAL EVAPORATION 

Most of the current methods of measuring evaporation 
employing some t pe of pan or atmometer have proved 
unsatiefactory. 19hese methods have led to the develop- 
ment of empirical evaporation formulae whose para- 
meters include such surface observations as temperature, 
salinity, relative humidity, barometric pressure, and 
wind velocity. 

While pan and atmometer measurement permit a 
general qualitative estimate of the evaporationsppor- 
tunity, they are useless in determining actual traspira- 
tion and wate? losses from extensive land areas. As 
plant physiologwts have shown, the amouqt of transpira- 
tion for any plant type is partly a function of the leaf 
area of the plant. This introduces a factor which varies 
seasonall and is associated with the growth curve of the 
plant. Transpiration also varies from one plant species 
to another, depending upon the .water requirements of 
the plant, the osmotic pressure rn the leaves, and the 
number, nature, and size of the stomata. None of these 
factors is reflected by pan or atmometer measurements 
of evaporation. 

Furthermore, such evaporation data do not measure 
evaporation from the soil. When the surface soil is 
moist the evaporation, in the case of finer soils, exceeds 
pan measurements because the soil presents a greater 

SI Holzman Be amin Source3 of Moiature for Precipitation In the United Stata. u. s. D. A. + k % u l i .  ho. Be, October loa?. 
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evaporating surface associated with minute irregularities 
in the soil surface and because surface soil temperatures 
are usually higher than evaporimeter surface tempera- 
tures during that part of the day when most of the evap- 
orationeoccurs. When, however, the surface soil is dry 
or partially dry, less evaporation occurs from the sod 
than from a pan. Even thou h the subsoil is moist, 

a rate at all comparable to the evaporation from a free 
body of water. Hence water molecules can escape to 
the outer air only through a very slow diffusion process 
which takes place from the lower soil levels and through 
the soil air. 

A method is needed which wi l l  measure the rate at 
which moisture enters the lower air, regardless of the 
type of surface involved. This involves a consideration 
not only of surface parameters but also of-specific hu- 
midity gradients and conditions of turbulence m the atmos- 
phere. In  general, it may be said that when atmospheric 
turbulence IS at a minimum, evaporation will also be at  
a minimum. When there is no turbulent motion, the 
upward transport of water vapor can take place only by 
dausion. This process is analogous to the transfer of 
heat by conduction. In the atmosphere both of these 
processes are negligible when compared to the magnitude 
of heat or moisture transfer by turbulent or convective 
phenomena. 

Although the theoretical treatment of problems of 
turbulence is highl com lex mathematically, significant 

through the efforts of the GZittingen School of Aerodynam- 
icists-Prandtl,22 von Karman, 23 ToUmien,e' and others. 
Many of their ideas have been extended and applied to 
the atmosphere and oc.ean by Rossby ** and Sverdrup.2e 
As an outgrowth of Rossby's research an atmospheric 
turbulence, a method for determining evaporation is 
being tested at the Muskingum Chmatic Research 
Center and a t  the Arlington Experimental Farm. Pre- 
liminary data already obtained indicate the complete 
feasibibty of the technique. 

The method depends upon a measurement of the specific 
humidity gradient and .a.measure of the intensity of the 
turbulent mixing conditions in the lower levels of the 
atmosphere. Turbulence tends to establish an adiabatic 
distribution of properties of the air and thus a constancy 
in the moisture concentration. In other words, the 
specik humidity throughout the turbulent layer would 

capillary action cannot supply t % e surface with water a t  

progress has nevert E E  eless een made in this field especially 

Prendtl L The Mechanics of Viseoua FluiC. Amdynamic Theo Wm. 
Frederick &rind  (Edltor-in-chief), vol. III, Div. 0, pp. 84-m. Berlin, Juliutl%pflnger, 
1886. 

0 von Karman Th. Mechanlmhe Abnlichkeit und Turbulens. Nachrichten von 
Geseltschalt der Wissensehaften su G6ttlngen. Math. Phys. Klasse, HeIt 1, pp. b9-78. 
1830. Idem: Turbulence. Jour. Royal Aeronautlcal &IC., vol. XLI, No. 324, pp. llW 
1143 illus. Demmber 1937. 

84 5ollmlen Walter. Berechun turbulenter AnsbreltungsvorgIInp. Zeltschr. Mir 
angewandte kathematk und Mec%anik. band 6, heft 1, pp. 488478.1928. 

18 Rossby C. 0. and R. B. Montgomery. The layer 01 Frlctlonal Influenm in Wind 
and Oman 'curran'ts. Mass. Inst. of Tech. Papers in Phya. Oceanography and Meteor- 
ology, rol. UI, No. 3, Cambridge. Mass. 191. 

Rmby C a. A Generalization of the Theo of the Mixln Len h wlth Applica- 
tions to ktmbspheric and Owanlc Turhulena. 'Kaw. Inst. of %ech.%eteoroi. papers. 

S k r d k i ,  H. U. ' Des marltime Verdunstungproblem. Anualen der Hybgraphlr 
und Marltimen Meteorologle, band 64, heft !2, pp. 4147,1936. 

V O ~  I NO 4 pp 1-36 1932. 

be constant provided no moisture were added or sub- 
tracted from the layer. Thus, in the turbulent layer 
immediately adjacent to the ground, a moisture gradient 
directed u ward, that is, a lower specific humidity aloft 

from below by evaporation and ita upward transport. 
On the other hand, if the gradient is directed downward, 
moisture is being abstracted at the ground surface by 
dew or frost, and downward transport of moisture results. 

Experiments being conducted at present are limited to 
plots in which the ground surface is relatively smooth 
and homogeneous. The turbulent mixing condition is 
determined from simultaneous measurements of wind 
velocity at  various elevations above the ground. Hygro- 
thermographs are stationed adjacent to the ground 
surface and a t  different elevations so that the specific 
humidity gradient can be determined. A relatively 
simple formula gives evaporation in inches per hour where 
specific humidity and wind velocity at  two different levels 
and the height of the two observation points above the 
ground are known. 

If this method of determining the amount of moisture 
returned to the atmosphere proves to be practical it will 
have the obvious advantage of measuring the actual rate 
of transfer of water vapor into the atmosphere. The iso- 
lated local factors that influence evaporation would be 
combined and a true value for the moisture losses to the 
air obtained. These true values are the ones so urgently 
needed in the rehement of many agricultural and hy- 
drologic problems. 

than at t Fl e surface, indicates an addition of moisture 

SUMMARY 

Climat.ic work carried on as an integral part of the re- 
search program of the Soil Conservation Service has 
clearly demonstrated the need for a variety of specialized 
limatic investigations into soil erosion problems. Many 

of these climatic problems have already been undertaken, 
several have been completed, but there are still numerous 
questions which, while clearly recognized, have yet to be 
subjected to study. General climatic considerations are 
useful in defining "erosion regions" and in treating the 
element of climatic risk. Analyses of precipitation rec- 
ords in terms of storm duration, intensity, and storm area 
have been undertaken and are being dnectly related to 
field phenomena. Drought is being considered as a type 
of climatic risk particularly significant in the Great Plains 
and the semiarid West. Temperature in its bearing on 
climatic risk and weathering processes is also being scru- 
tinized. Likewise, a consideration of the flood problem 
in its bearing on erosion hazards requires studies of exces- 
sive precipitation, actual evaporation from various types 
of land surfaces, and soil-moisture deficiency. Thus, in a 
wide variety of ways, a number of climatic studies are being 
carried out. That climate is an inseparable major theme 
in the soil erosion complex is clear. The objective is to 
orient the climatic work in such a way that results of maxi- 
mum practical value will be obtained. 


