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Correlation of Drouth Indices 
with Corn Yields 

Roy L. EWALT,JOHN P. DOLL, AND WAYNE L D ECKER 

INTRODUCTI ON 

T he Genenl Problem 

Climatic Vllriablcs uc important inputs in 19ricultural produCtion proc~sts. 
Few businessmen arc more dependent upon the weather {han the f:.ternc!. Yet 
weather inputs h:ave often been overlooked by agriculrunl research workers. This 
neglect has hindered the :.l.pplic:.l.tion of research results to practical farming 
$ICU:l.UOns. 

For example, consider fertililcr use research. While a constant amount of 
fertilizer Illly be used on a particular soil and crop over a period of seven! years, 
the crop yields in these years may vary consider:l.bly. These variations ::uC, in 
large part, due to variations in weather inputs such as rainfall, rcmperarure, or 
hail. Clearly, adequate practical recommendations on fertilizer use cannot be 
made unless climatic variations are considered. 

There h2s been :I. tremendous increase in research in clim:l.coiogy and meteor
ology in the last twenry years. Significant advances have been made in these 
fields. Methods and data now available, however, need to be studied further in 
order to determine their usefulness to practic:ll farming situations and farm man
agement reSC2fch. In particular, there is a significant need to identify and meas· 
ure clim:l.tic inputs of significance in agricultural produCtion processes. Once 
measured, the impaCt of climatic inputS on farm businesses can be determined 
using methods of analysis now developed.' 

T he Specific Problem 
The specific problem considered in this study was the occurrence and varia

bility of drouth and the effects of drouth on corn yields. The main objectives 
were: 

1. To srudy merhoos of measuring the climatic factors affecting corn yields, 
herein called drouth, and co compute indices of these drouth measures. 

2. To evaluate the usefulness of these drouth indices as measures of the cli
matic filctors affecting corn yields by determining their correbtion with 
com yield data. . 

LITERATURE REVIEW 
Methods of estimating water loss from the soil due to evaporation from 

the soil and transpiration from plantS, collectively called evapotranspiration, have 
recently been developed. These methods can be used ro compute water balances 

'Thi. hulkdn i. 'he ...:ond "'port of ~n inve"iSa<i01l of the eif«" of 'he "" .. ,h« on ",m b"';nesscs. ll>e 
problem me,,,ionc<! he« i. diKU • ..., in detail in the /in<repor<. ""hi<h ..Iso diO(u .... .!">"ible method. of "",]. 
y,i,. See J. D. McQUigg and J. P. Doll. HW."h« Vonobiliry 1nd Economic Analr">." Mi"ou" .... gdcultur11 
Expe,iment Sttdon R.eseacch Bulletin 771, June, 1961. 
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and crop indices which in turn can be used to rdate weather to crop yields. T "''0 

methods of estimating evapotranspiration, Penman's (22) and Thornrhwaite's 
(27), are used in this study. Both eSl imates were developed after World War II 
and published by 1948. A third method h;lS be<:n prcscmed by Blaney .and 
Criddle (5). 

Many attempts have been made ro characcnizc drouth and to evaluate the 
effects of drouth on corn yields. The work of Barger md Thorn (2) (3) represents 
a method of evaluation based on COUnty yield sl;;uisrics lnd uinfall totals. How
ever, attempts to rdate corn yields co drouth as defined by evapotranspiration 
esrimates have not boten rc<orded in the literature. 

Gerber lnd Do:::ckcr (12) compared the: methods of Penman, Thornthwaite, 
lnd Blaney to determine which most nearly approached measured evapotrans
piration. They found that Penman's method most nearly approached measured 
evapotranspiration. Also, Penman's method was the most sensitive to weather 
changes and yielded higher eHimates of evapotranspiration than rhe Other meth
od,. 

In more recem work, Decker (6) found estimated evapotranspiration, using 
either Penman's or Thornthwaite's method, to be in close agreement with m~
ured evapottanspiration when the soil surface was wet. Evapotranspiration, as 
estimated from environmental conditions, was greater than measured evapo
transpiration when the soil surface was dry. He suggests thar borh methods 
could be improved through a simple adjustment for the bias introduced by over
estimation when the soil surface is dry. 

Knetsch and Smallshaw (16) use<! Penman's method of estimating evapo
transpiration to comPUte drouth indices for 28 weather stations in the Tennessee 
Valley using 1,2,3,4, and 6 inch levels of soil moisture capacity. Using these 
drouth indices, they e$timated rhe probability of occurrence of VHious intensi· 
des of drouth for the Tennesssee Valley. 

Parks and Knetsch (21) studied the influence of nitrogen levels and drouth 
intensity on corn yields. After they had calculated the number of drouth days 
from estimates of evapotranspiration, they correlated the number of drouth days 
with com yields. T he produnion function derived from the drouth data account· 
ed for the time of occurrence and the intensity of drouth. They presented esti
mateS of com yields for various applications of nitrogen and differing intensities 
of drouth. 

Knetsch and Parks ( l~ ) developed an equation describing the relationship 
between millet yield and nitrogen and drouth levels. The length of drouth was ,. 
varied from seven to 46 days by the use of irrigation. Drouth was estimated by 
a method developed by van Bavel. Although only one year of data was used, the 
use of irrigation as a research tOol provided data corresponding to many years of 
drouth data. Their equation, fitted by the least squares regression method, is 

y = 3.07 + 0.1~06 N + 0.0010 D - 0.0023 N' - 0.0007 D' - 0.OCQ5 NO 
where Y is the estimated yield of forage in cons, N is nitrogen expressed in 
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tens of pounds, ~nd 0 is the number of drouth d.1YS occurri ng in the June-Septem
ber crop selSOIl. This equation accounted for 91 percent of the Vlri.1tion among 
treatment means. 

Van Bavd (33) discusses .1 method of computing drouth indexes for differ
ent crops using estimated eV.1potranspiration dat.1. He computed .1 drouth in
de)!: for a tobacco crop using Thotnthwaite's method of estimating evapotrans
piration. Cumulative frC<Juency curves and hiStograms were compu{~ to show 
the probability of occurrence of vuious intensities of drouth. He computed the 
probability of sholUges of from one to 10 inches water during the growing sea
son. No attempt was made to show how this water shortage or drouth condi
tion affected the yield of the tobacco crop. 

Robins and Domingo (2') studied the effects of severe moisture defici ts at 
specific growth Stages of the corn plant. They concluded that soil moiSture de
pletion to the wilting percentage at c=in physiologial growth stages marked
ly reduced grain yields of field com. Such defici[$ for periods of one to rwo <hys 
during me =ling or polliIl2.tion period reduced yield by 22 percent and periods 
of six to eight days r~uced yield by 50 percent. After fertilization, yield reduc
tion due to lack of water appeared to be related to the m:uurity of the grain 
crop. Following m~rurity, hck of water had no reducing effect on yield. 

Orazem and Herring (20) studied the effects of soil moisture at pl:l.nring 
time, rainf~1l during the growing se2son, ~nd nitrogen on yield of grain sor
ghums in the smdy lands of southwest K2nsas. Statistical teStS indicated the best 
positive relationship existed between yield of sorghum 2nd soil moisture at 
planting time. Rainfall during the growing season and nitrogen also had effern 
on yield; however, these effects depended upon soil moisture at pl2ming rime. 
The greater the soil moisrure at seeding time the gre2ter the effects of ninfa11 
and nitrogen during the growing season. They concluded that soil moisture at 
seeding time could be used ro p rovide a relatively good estimate of crop yield 
and could be of great assim.nce in deciding the amount of fertilizer to be ap
plied to grain sorghum. 

Denmcad and Shaw (8) studied the ratio of measured evapotranspir:lIion to 

open pan evaporation for different periods during the growing season for com. 
They found that prior to silking the ratio incrC1Sed in a sigmoid manner ftom a 
v:llue of 0.36 at the planting d~te TO 0.81 at silking. The value of 0.81 remained 
constant for 16 d2Ys after silking and then declined. They suggest that the chang
ing ratio was due to the inccC1Sing lC2f area until silking :lnd to declining physio
logical activity of the crop after the commencement of car growth. They con
dude tlut the corn crop appr02ches the condition of a green crop, actively grow
ing and complerdy shading the ground for 2. period of only 2 to 3 weeks during 
the growing season. Since the rc<:Juiremems of 2Ctive growth and complete: shari
ing of the ground are necessary requirements for the use of current estimates of 
evapotranspira.tion, it was concluded th~t such procedures would be applicable to 

corn only during this short period. 
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Fisher (10) studied the influence of ninfaJl on the yield of wheat in Rodlam· 
sted, Engbnd. He divided ye2r1y raion.!] inco 61 periods of 6 d:.l.ys e2ch. Each set 
of 61 values was then analyzed by calculating coefficients using fifth degree 
orthogon:.l. l polynomials. The :.l.mount :.lnd distribution of ninfall was represented 
by a series of six pol)'nomill coefficients. T hese coc:fficicnrs wcre considered as 
indtp(ndem v:uiables in solving multiple regression problems with wheat yields 
:IS the dependent ~ilblc. Fisher's method gives a rtgression curve which shows 
the effeCts on yield of a unit change in a given meteorologiClI dement at my 
time during the growing season. 

METHODS OF ESTIMATIN G EVAPOTRANSPIRATION 

Soil wlter is an impom.nt agriculture resource. Depiction of the supply of 
this resource occurs as :l result o f transpiration by plants :lnd eV2poracion from 
soil sur£,.ccs. By definition, drouth conditions exist when the W:lter available for 
plant growth in the soil reservoir is exhausted and yield reduction or death of 
the plant rcsuhs. 

The amount of water Ion by evapotranspiration is not consrant. The rare 
of evapotranspiration depends on the weather, on plant condidons, and on the 
availability of wacer in the soil. Relevant concepts dealing with soil moisture, 
the moisture budget, and evapotunspiration measures used in this study are dis· 
cussed below. 

Soil Moisrure 

The range of moisture conditions in the soil are discussed by Baver (4). The 
soil is »id to be at the S2tur2tion point when :all soil pores are fil!ed with watct". 
This amount of Water is undesirable for efficient plant g rowth because a cerrain 
amount of :lit is required by pl:mr roots and soil microorganisms. Water held in 
the soil from field capacity co saturation is called gnvitational water because it 
drains from the soil pores under the force o f g!2viry; it is normally in the soil 
only for short periods of time. A soil is at field capacity, then, after the gnvitia. 
tion:d water drains Out. 

When the soil conr:ains water at levels below field opacity the proportions 
of air and water ue conducive to plant growth. This waTer is held in the soil 
pores against the pull of g1"2viry but may be readily remove<i by plants until the 
wilting point has been reached. As the soil's moisture content approaches the 
wilting point, the soil still appears somewhat moist but the wner is held so 
tightly to the soil partides that plantS onnot take up water faSt enough to bal· 
ance rhe loss by mmspiration :md the plam wilts. 

Soil wi th a moisture content below the wilting point still comains water 
but this water is not aV2ilable for pl:mt growth. Dry soil cannot support plant 
growth; pbnts will permanently wilt and die in dry soii. 

The amount of water between field capaciry and the wilting point is the 
available water for plant growth. Water available for pbnt growth is the warcr 
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of economic importance to the brmer. In this study, a drouth day is defined :.l.S 

any day during the growing SC:.l.son when the soil h:.l.S dried to the wilting point. 

Moisture Budget 

Soil, plant and meteorological conditions all play an important 10le: in the 
process of evapotNnspiration. If water in the soil is freely available fo r cvapo-
tfllnspir:ation, which is the case at or above field capacity, Holmes and Roben
son (14) indic:ue the rate of W1lter loss will be brgdy dependent on metcaro
logical £:aCtors. The amount of water loss under these conditions is called. p0-
tential evapotranspiration. When soil moisture is above or ncal field capaci[)" 
potential evapotranspiration is e'jual to actual evapotr:anspiration. As the soil 
dries, the av:tilable moisture decrtlses and is held more tightly to the soil par
tides by hydraulic tension. As a resulc, the {rampore of ';I.':.l.ter to the soil surface 
decreases and less water is available: for evaporation than when {he soil was ar 
field capaciry, assuming conStant meteorological conditions. As the soil becomes 
drier, actual evapotranspiration decreases and is le:S! than potential evapotr:ans
piranon. Thornthwaite and Halsted. (29) suggest dut ilCtual cv:tpotr:anspir:ation 
is in r:atio to the soil moisture in storage. That is, when the soil moisture is one
half the Toral storage possible:, actual evapotranspiration is one-half of potential 
evapotranspintion. However, experimental evidence of this is laclcing. 

The method used to compute soil moisture budgets used in this study was 
to subtr2Ct potential cv:tpotranspintion and add rainfall to the available moisrurc 
in the soil assuming that soil moisture will nOt exceed field capacity or go be
low the wilting poine This method will overestimate actual evapotnnspir:nion 
when the available moisture in the soil is low due to the small amount of water 
available for evapontion ~d transpiration. On the other h~d, the assumption 
that soil moisture will nOt exceed field capacity or go below wilting point may 
tend to prevent the method from overestimating the drouth situation. 

Methods of Estimating Evapotranspiration 

Seveul investigators have :.mempted to estimate the r:atio betwec::n prccipia. 
tion and potentia! evapom.nspintion. The early estimates of Transeau (32), 
Meyer (19), and Thornthwaite (28) were based on assumed relationships be
tween temperaNce and evaporation. More refined estimates have been develope<! 
in recent years by Penman (22) (23) (24), Thornthwaite (27) (30), Blaney and 
Criddle (5), McCloud (18) and Albrecht (1). The methcxis of estimating evapo
transpiration developed by Penman and Thornth';l."aite have been the most wide· 
Iy accepted. 

Penman's method is based on the fact that the net heat received by a sur
bce through ndiation mUSt be used for evaporation, heanng the air and soil, 
and as energy for photosynthesis ~d chemical processes. The application of this 
idea to the problem of estimating evapotranspiration results in p:uritioning the 
amount of energy received by a surface and determining thar used for evapo-
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tnnspir2tion. For :l description of the: development of rhe method. Ibe mder is 
rderred to Penmln's Plpers .. nd to the rtview of ~rber and Decker (12). POl
man's relationship estimates the amount of ~por2tion from :l free W;lter sur&ce. 
However, Penman contends that the: ntio between evaponcion from :I. free: w'uer 
surface, Eo, and potentia.! evapolranspiruion, EI, is ne2rly a coostant which 
varies with Ihe Se;J.son from 0.6 to 0.8. I n this way, Et an be derived from Eo. 

Thotmhw;'iitc's method estimates porenti:!.1 ev:a.potr2llspintion by using an 
exponcmi:a.l relationship between mew monthly cempcurure and potential evapo
[:nion. This re:la.tionship is reliltivdy e2sy to ~Iuate and blS been described by 
Thornth~te :and Other workers. 

RESULTS O F THE ST UDY 

The objective of this study was to antlyze: the effects of drouth on com 
yields. In order to do so, it W1S necessary to computc the se2son2.l drouth d:tys 
occutring for:t particular soil and crop. After the drouth d:tys were computed, 
they were correbted with crop yields. 

The corn yield data from Plot 18, S:tnborn Field, University of Missouri 
were used in this study. T he plot h:ts been in continuous corn since 1889 with 
six tons of manure per :tae :tpplied annually. Most of the v:trh.tions in yields 
:ttc believed due to weacher facton. 

The time period considered in this analysis w:ts 1905 thtough 1959. The 
ye:tn 1906, 1908, 1909, 1910, 1927, 1935, :tnd 19'" were not included in the 
study. Corn yield in these yC"lrS was believed to be influenced by facton Other 
than drouth, such u weeds or severe insect infesntion. The :tnalysis included 48 
ye:tfS of weather and corn yield dua. Within a seuon, drouth days were com· 
puted for the period of March 29 through September 5. 

The soil on Sanborn Field is clusined as Putn:l.m silt loam, 2.lthough it is 
slightly more rolling in topognphy :tnd hu :t deeper md somewhat darker sur· 
face than typical Putnam. T he water holding op:!.city of this soil is r:uher low. 
Based on measurements m:l.de by Thornton et al. (3 1) on:t simihr soil, the top 
6 (eet o( soil, the rooting depth of corn reported by H:l.yw:trd (13), contains 6 
inches of aV:l.i lable water (or phnt growth when the soil is at field capacity. It 
W1S assumed that the soil would be :tt field opaciry on Much 29, the beginning 
of the growing season. 

The weather dan needed to compute the nte of cvaporranspin.tion and me 
w:tter lnhnce in the soil w:ts obt2ined from the United States Weather Bureau, 
Columbia, Mo. The data were readily :tvaibble (or the time period considert'd 
in this study. 

T hree methods were used to measure the intensity of drouth: (1) nint211 as 
a direct measure of drouth, (2) :t soil w:tter budget based on Penman's method 
of estimating evapomnspintion, :tnd (3) a soil water budget based on Thorn· 
thw:tite's method of estimating eV2potranspiration. The twO latter methods were 
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used to estimate daily evapotranspiration. These evapmranspiration estimates 
were used along wih rainfall to compute the amount of available water in the 
soil for each day during the growing season. When the available water in the 
soil reached the zero level for any particui:l.r day, the day was called a drouth 
day. The drouth days were then tabulated and correi:l.ted with corn yields. For 
brevity, the soil water budgets based on evapotranspiration estimated by Pen
man's teclmique and T hornthwaite's tcchnique will be referred to hereafter :IS 

" Penman's method" and "Thornthwaite's method." A discussion and compari. 
son of the results of the three methods of measuring drouth follows.· 

A Comparison of Penman's and T hornthwaite's Methods 
Drouth days computed by Penman's method arc presented in Appendix 

Tables 1, 2, and 3. As recommended by Penman, a ratio of 0.7 between E, and 
EG was used. Drouth days computed by Thornthwaite's method are presented 
in Tables 4, 5, and 6 of the Appendix. 

A comparison of drouth days computed by the twO methods is presented 
in Table 1. The me2n number of drouth days per season is 21.8 for Penman and 
21.1 for Thornthwaite. During May, June, and July, Penman's method estimated 
more drouth days than did Thornthwaite's. In August, Thornthwaite·s method 
estimated considerably more drouth days than Penman's method. Thus, the dif
ference between the tWO methods is not in the total number of drouth days 
estimated but rather is in the time during the growing Se2son when estimated 
drouth days occur. Thornthwaite's method depends upon temperature; the high 
AuguSt temperatures Guse it co estimate more drouth days in August. Penman's 
method depends upon a radiative balance and more drouth days are estimated 
early in the summer when radiation is higher. 

The correlation between corn yields and the number of drouth days is a 
me:.l.SUre of the dependence of corn yields upon moisture occurrence. The regres
sion statistics for equations of linear regression computed fo r each method of 
estimating drouth are presented in Table: 2, where corn yields represent the de
pendent variable and drouth days estimated per Se:.l.son the independent variable. 
The eguations were estimated from the data in Appendix Tables 3 and 6, omit
ting years when drouth days did not occur. 

Although the twO methods eStimate approximately the same average num
ber of drouth days per Se:.l.SOn, the regression equations in Table 2 differ some
what. Both regression equations are significam at the 0.01 probability level; how
ever, Penman's method yielded the highest r', 4S percent, indicating that varia
tions among ye:.l.r1y drouth days predicted by the Penman method vary more 
closely with corn yields than do those prediCted by Thormhwaire's method. The 
estimated effect of a Se:.l.sonal drouth day upon yields does not differ appreciably. 
For Thornthwaite's method, a drouth day reduces yields ~bout 0.6 of a bushel 
while, for Penman, each drouth day reduced yield by about 0.7 of a bushel. 

The effects of drouth or its opposite, rainfall, upon corn yield depends nOt 
only upon tOtal amount but also on distribution. Thus, a breakdown of·tocal 



10 l\! ISSOC;U AG RICULTURAL E XPJ;P.!MENT STATION 

~Al3LE '-. -D::\OUTli DAYS ;)OMPUTED BY PENMAN'S METHOD 
MINUS THOSE COMPUTED BY THQRI"THWAlTE'S METHOD. 

Yoo;:r May J~, J"~ August Check So.:m 
1 9!,)~ 0 , 0 0 , 
1'0. 0 " 0 0 0 
1~1l 0 , -< -2 -2 
l~U 0 " • -2 2 
191:1 0 n " -1 10 
1~1:, 0 , -, -1 , 
IH5 0 0 0 0 0 
19.i6 0 0 0 -2 -2 
1 917 0 0 , -, , 
1918 0 0 -. 0 -. 
l. ~~ 9 0 0 0 -9 - 9 
1920 0 0 3 _1 2 
1 S21 0 0 0 0 0 
1 ~'22 0 0 -3 -, -, 
1. 92.'.1 0 0 0 0 0 
192·1 " 0 0 0 0 
1925 0 0 0 0 0 
t "?---. 0 , , 2 n 
U'2S 0 0 0 0 0 
1929 0 0 0 -3> -3> 
1930 , , , -, " 1931 0 0 0 -, -, 
1932 0 0 n 0 n 
1933 0 0 , -, -3 
1934 7 , -, 0 19 
1936 0 " 0 -. 9 
1937 0 0 -. -, -, 
1933 0 0 0 -s -8 
1939 0 0 _7 -, -Ii 

'''0 0 0 2 , , 
19H 0 0 0 -10 -10 
'>-12 0 0 J 0 , 
lS-t3 0 0 0 -; -s 
"44 0 , 0 -, 0 

"46 0 0 • 0 , 
194~ 0 0 0 3 3 
19<8 0 , 0 0 , 
'''9 0 0 0 0 0 
1950 0 0 S 2 , 
1951 0 0 0 0 0 
1952 0 0 S -, • 
1953 0 0 , , " 1>154 0 0 , 0 , 
1955 " 0 0 -, -, 
1956 0 0 0 0 0 
!957 0 0 S -s 0 
1058 0 0 0 0 0 
1959 0 " -2 -3 9 
Toul , " " -113 " 
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TABLE 2· THE REGRESSIONS FOR DROUTH DA'!S PER SEASOX 
AND CORN YIELDS FROM PLOT 18, SANBORN FtI:':LD, COLUMBIA, M!SSOuru. 

RegNiulon Drouth E8Umated by Dro\lth E8t1matcd by 
EguaUon Penman's Method Thornthwalte's Method 

" " " 
• 53.5 48.3 

b ·0,667 ·0. 56!! 

" .. ~ 33% 

t value for b _5.31 u 4.17·* 

· ·Slgnlflc&Ilt at the 0. 01 prolxlbillty level. 

drouth d~ys during the seuon into periods of shoner length ~hould result in 3. 

closer correlation bcrw~n drouth and yields. For corn. the periods selected 
should coincide with important stages of growth. Three importlnt periods for 
corn growth are: (I) the vegetative growth perio<l prior to silking. (2) the silk· 
ing and tasseling period, and (3) ear filling after si lking. A complete discussion 
of the biological considcr:uions for rield prediction ior corn is presented by 
Shaw and Loomis (26). Unfortunately, phenological dat'il. were not available for 
Plot 18 on ~nborn Field ; the growing period was therefore arbiu'.l.ril), divided 
into periods first by months and then by weeks. 

The regression sutistie! of the equnions for thc monthl)' drouth days esti· 
mated by the twO methods arc gi"en in Table 3, wl.er/! corn yields rcpreselll the 

TABLE 3-THE REGRESSION EQUATIONS FOR DROUTIl DAYS PER MONTH 
AND CORN YlELDS t'OR PLOT 18, SANBORN FIE LD, COLUMBIA, MISSOURI. 

t VALUES FOR REGRESSiON COEFFICIENTS .-\it !:: IN PARENTHESES. 
Rcgreulon Drouth Estimated i>y Dro\lth Estimated by 
Eguldlon Penman's Equation Thornth"''3.lte's Er.uatlon 

0 " " 
• 53.6 48.9 

May coeffiCient -2. 027 (~O . 88) (No es t imated drouth clays) 

June coeffiCient .. 0.012 (0.03) -0.140 (-0. 24) 

J uly coectJclent -1. 11 0 (-3. 73U ) -0.869 (-3.31 *- ) 

A~t coefttclent -0.51>2 (-1.42) -0.491> (-1. 72) 

.' ... '" 
" SIgnUlcant at the 0.01 probabUity level. 
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dependent variable and drouth days per month the independent variables. The 
equations were computed from the data in Appendix Tables 2 and ~, omitting 
years when drouth d:l.ys did not occur. 

Dividing the growing period inro monthly periods did not grady incr~ 
the: fit of the C<juations, but docs indicate the relative imponance of drouth chys 
occurring during each monch. For both methods, July alone produced a rCgre5-

sion cocfficicnr thll was statis tiolly significant. For the Penman method, the 
May coefficient was large and negative. This may indicate that drouth in May 
reduces yields dnstically, l pproximately two bushels per drouth day. However, 
the regression coefficient is not significantly different from lero and the proln
biliry of drouth in May is very low. D routh in M1y W1S estimued only once 
during the 48 year period of srudy by Penm1n's method wd never occurred with 
Thormhwaite's method. The June coefficient for the Penm1n method is positive 
and very small, with a I value th1t would not be significant at the 0.9 level of 
probability. All other coefficients 1re negative, indioting that the occurrence of 
drouth days reduces corn yields. 

The effects of drouth d1Ys upon corn yields vary considel'llbly fo r the rwo 
methods. The brgest difference occurs in J uly, when a drouth d1y b:lsed on 
Penman's method is esrim1ted to reduce yield by 1.1 bushels 1nd :l drou th d1y 
b1sed on Thornthw1ite's method reduces estim1ted yield by 0.9 of 1 bushd. 

Correlation coefficientS for drouth days per month 1nd corn yields .'I.t"e pre
sented in Table 4. These coefficients show the simple correhtion of drouth chys 

TABLE 4- CORRELATION COEFFICIENTS (R) FOR DROUTH DAYS PER MONTH 
AND COR.,.~ YIELDS FOR PLOT 16, SA..~BORN FIELD, COLu"MBIA, M1SSOURI. 

May 

J~. 

Jwy 

A>,.,," 

THORNTHWAlTE'S METHOD ESTIMATED NO DROUTH DAYS IN MAY. 

May J~ 

{ Thor llthwaIte 

Penm&n 1 0.21 

{ Thornthwaite 1 

"'=~ 1 

{ Thot1lthwalte 

Penmlll 
{ Thor nthwaite 

"'=~ 

July 

0 . 28 
0 .46 

0 .42 
1 

1 

AUgu.!!t 

0. 10 
0. 33 

0." 
0. 10 

0 . 16 
1 

1 

Corn 
Yield 

-0. 30 
-0 . 35 

-0. 37 
- 0.55 

-0 . 63 
- 0. 31 

-0 . 32 

per month with corn yields 1nd of drouth d1ys per month with e1ch other. All 
correlation coefficientS between monthly drouth days and corn yields 1re neg:t" 
rive, with the largest coefficients occurring for July. The Thomthwaite method 
esti mated no drouth days in M.'I.Y, so these correi1tion codficienrs 1re not in 
Table 4. For both methods, the correlation between number of drouth d:lYs in 
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June and July is about 0.4. While J ul)' and AuguSt drouth days are not highly 
correl:ued, the correlation for June and August drouth days is o.~ for Penman's 
method. None of the correlation coefficients among monthly drouth days are 
extremely high. indicating thar monthly weHher statistics are extremely vari
able 

Regression st2tistics (or equations relaring drouth days per week :lnd com 
yields ue presented in Table~. They were computed (rom data included in 

TABLE 5-THE REGRESSION EQUATIONS FOR DROUTH DAYS PER WE EK 
AND CORN YIELDS FOR PLOT 18, SANBORN FIELD, COLUMB[A , MlSSO\JRl. 

t VALUES FOR COEFFICIENTS ARE IN PARENTHESES, NONE ARE 
STATISTICALLY SIGNIFICANT AT THE 0.05 PROBABIUt'Y LE VEL. 

Regre8sion 
Eguat10n , 

• 
CoeUlc1ent rOt Week 
Beginning: 

May 31 
June 7 
June 14 
June 21 
June 28 
July 5 
July 12 
July 19 
July 26 
Augu.s t 2 
Auguat 9 
August 16 
August 23 
August 30 

R' 

Orou.th Estlmated by 
Penman's Equation 

" 60. 1 

- 1.060 (-(1 . 34) 
3.374 ( 1. 53) 

- 1 .740 (-(1.60) 
0.250 ( 0.10) 

-(1. 124 (--0_06) 
-2.30. (-1. 12) 
-0.538 (--0.38) 
--0.611 (-(1.58) 
- 1 . 417 (-(1.89) 
-2. 688 (-L49) 
-1 . 1 85 (--0 . 84) 
-0.693 (-(1 .37) 
- 1 .348 (--0 . 71,) 

L 233 (0.59) 
68% 

Drouth Est1m:ltecl by 
Thornthwa1te's Equation 
37 

51. 4 

(no drouth days estimated) 
23.506 ( L 08) 
0.884 (0.37) 

-2. 222 (-(1.88) 
0 . 295(0. 12) 

- 1. 597 (-0 . 77) 
0.658 ( 0.45) 

-L 917 (-1 .22) 
- 0.737 (-0.59) 
- 2. 502 (-2.01) 
0. 273 ( 0 .18) 

- 0.324 (- 0. 18) 
0.692 ( 0.45) 

-1 .512 (-(1.98) 
,,% 

T:lbles 1 :lnd 4 in the Appendix, omitting years of zero drouth days. The equa
tion fi t to the weekly drouth days gener:lted by thc Penm:ln method exphined 
68 petcent o( the v:lri:lt ion in corn yields; ~2 percent of the variation W:lS ex· 
plained by the equation based on Thornthwaitc's method. In addition, the signs 
o( the regression coefficients based. on Penman's method appear to be more rea
sonable, because none of the regression coefficients have positive signs during 
the apparent critical period (rom the last put o( J une (0 the fim parr o( August. 
The June 7 coefficient for the Thotnthwaite method is large, positive, ilnd mis
leading. The probability of a drouth day occurring during the w~k of June 7 
is low; only one was estimated by the method o( Thornthwaite. Thus, this coef
ficent has no effC(t on predicted yield most years. None of the coefficients are 
significant at the O.O~ probability level, probably be<:ause the effects of weather 
are being divided among an increased number of independent variables. 
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Corrchrion cocfficients for drouth days !X'r week ;,md (om yields He pre. 
scnled in Tabie 6. With the c:xception of the J une 7 coefficient for the Thorn
thwaitc method. all correl:uion coefficients between drouth days pcr week 100 
corn yields uc negative. This is nOl consistent with the d:H:.!. of Tabk 5 where 
some of tht: pmial regression coefficients were posi tive, possibly beouse of the 
h igh correl:l.fions existing among some of the independent variables. In genenl, 
the correlation cocfli(iems of drouth cla)'S per week with yidd arc the slmllest 
for the 1:151 four weeks in August. for rhe Penman method, we2lher in May and 
June does ;i?IX'2f to have an import:l.rll effect on yields. With the exception of 
Ihe wc~k of J l.ine i, weather in June docs have an import:ant effect on yield when 
drouth dars ;are computed by Thornthwai te's method. For both methods, the 
drol.lth days in any given week are highly correlated with those in the weeks 
closest to it; the correl~tion between weeks decreases as the time span between 
weeks incre~ses. Finally. as before and perhaps due to r:;Indom effects in the 
data, drouth days computed for Augusr correl:ue more closely with drouth days 
for J une (hoan for July. . 

Figure 1 presents the actual corn yields for Plot 18, Sanborn Field and the 
yields predicted by the regression equation lit to weekly drouth days computed 
by Pen moan's method; Figure 2 presents the same information for the tegression 
egu~tion lit ro drouth days computed using Thornthwaite's method. By com
paring the figures. it cm be seen that the equation based on the PenmV1 method 
docs a bencr job of fifting the eX treme valucs. The equation based upon Thorn
th~ite's method never predicts a yield above approxi!ll2tely ~2 bushels or below 
approximately seven bushels. 

Comp2rison of Penman's and T hotQthwaite's Methods with R2infall 
T otals 

lr is of interest to compare drouth days as a measure of drouth to r:;Iin&llu 
:z meuure of drouth. Using the data presented in Table 7 of the Appendix, a 
regression equation was estimated using corn yield as the dependent voariable and 
weekly r:;Iinfall for the inde~ndent variables. The regression statistics for the 
C<juation are presented in Table 7. It explains n percent of the variation in com 
)·ields. In gcoer:;ll, ninfall has an incfC<lSing effect on com yield, but the equation 
in Table 7 indiotcs that r:;Iinfall in four of the weeks, those beginning on April 
26. J une 7. June 14. and August 30, has a decreasing effeCt on yield. Reasons for 
this may be (I) T;linfall in the week beginning April 26 will delay corn plaming 
which would in turn decrease yields. (2) rainf:tll during the weeks of June 7 and 
J une 14 could delay or eliminate (he cultiv~tioo of COfn. causing weediness md 
reduced yields. 

The coefficients of correlation betwc.-en corn yields :znd inches of nin in 
c.-ach " 'cek during the time interval of April 26 through August ~ arc given in 
T:zble 8. T he coefficientS of correlation betWeen nin!1.11 in each week and nin
fall in each of the other weeks are also listed in this table. These eoefficient$ 
show that ninfall in some weeks is negatively correlated with corn yields while 
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TABLE 6-cmUuo:r.A1'JON COEF}'ICIENTS (Il) FOR DROUTH OAYS PER WEEK AN D COliN va,LDS ~'OR PI..OT 18, 

SANBORN l'JELD, CO LUM lltA. MISSO URI . TilE TIiORNTIIWA\TE METHO D ESTIMATED NO DltDUT!1 DAYS IN MAY. 
Penman's Method 

W~, May J _ Jul:t AUl\!!!t Cor n 
Beginning, " 

, 
" " " • U " " , , 

" 23 " Yield 

May 31 , 0. 6& n.57 0.32 0.42 0.25 0 .09 0 . 28 0 . 38 0.45 0.37 0. 10 0.19 0.09 ..(1.41 

J~' , 0.71 0.38 ,." 0.09 -41, 07 0.09 0.22 ,." , ... ,." 0.21 0.09 -0.73 
June 14 , 0.18 0.66 0.22 0.1& 0.21 0.30 0. 11 0.36 0.48 0.36 0.29 -(1,33 
June 21 , 0.79 0,39 '.M 0 .32 0. 21 ,.,. , ... 0.35 0.11 0, 11 -0.36 
J une 28 , 0.57 0. 31 0.35 0,30 ,." ,. " 0.14 0.10 0. 14 ... " 
July 5 , 0,13 ,." ,." -0,13 ,." ... ,. 0. 05 0. 11 ... " 
July 12 • 0.46 ' . 23 ... " -0, 16 ... " 0.09 0.09 -0.38 
July 19 • 0 . 62 0.10 '.00 -<I,U -0.11 -0.08 -0.52 
July 26 • 0.51 ..(l,02 ".M 0.01 '.00 ... " ~ 
August 2 , 0.35 -0, 11 -0.02 ,. ,. -0.4." " Auguat 9 , 0.44 0.37 0.48 • ..(1,3<1 > 
August lfI • 0.66 0.55 -0.11 • 0 
August a3 , o.er. -0 . 20 • 
Au~t !l0 • -0 . 22 '" t 

r 
r • T,lornthwaite's Method j 

W~, J~. Ju!y August Corn Z , 
Beginning: , ,. 

" " 5 " " " 
, 

" " " " Yl el!! ~ 
JWle 7 , 0.47 0.4] 0 . 05 -0 . 12 0 . 04 ,. ,. 0.20 0.22 0.03 0.04 -0. 15 -0. 16 0.01 
June 14 • 0.60 0.62 0.21 0 .05 0. 27 0.36 0.36 0.39 0. 28 0.09 0.05 _0.29 
J,me 21 • 0.70 o.n 0 . 29 0.35 0 .30 0.17 0 . 20 0 .32 0 . 02 -0 .14 -0.32 

Jllne 28 • 0.62 0 .38 0.36 0.28 0.16 0.35 0. 31 O.OU _0 .02 _0.40 
Ju]y 5 • 0.73 0.60 0.38 O. O~ 0. 1 9 0.04 -c. 11 _0. 07 -0.<16 
Jl\ly 12 • 0.70 0 .41 -0. 05 0.0] , 0.0'; _0 . 10 -0 0>1. - 0 . 36 
July III • 0 . 59 0.08 0 . 1-1 _0. ~~ _0 .10 -'J.l~ -0 .(7 
July 26 , 0.39 O.O!) _0. ut 0.04 o 03 _0.52 
.... UIl1.li!1 2 , 0.3~ -0. JO o.oa -0.06 -O.H 
Allgusl II • 0.51 0.31 0.41 -tI.30 
AIlj;u5lt 16 , 0.66 0.'10 -0 . 03 -~ 
.... lIgubt 23 , O. '/1 ·0.01 
AU ;~Hst 30 , -0.07 
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TABLE 7-TIlE REGRESSION EQUATION FOR WEEKLY RAlNFALL 
AND CORN YIELDS FOR PLOT 18, SANBORN FIE LD, COLUMBIA, MISSOURI. 

t VALUES FOR COEFFICIENTS ARE IN PARENTHESES. 

Regression 
Equation 

, 
• 

Coefficie nt for 
Week Beginning: 
April 26 
May 3 
May 10 
May 1'1 
May 24 
May 31 
June 7 
June 14 
JW'le 21 
June 28 
July 5 
July 12 
July 19 
July 26 
Aug. 2 
Aug. 9 
Au.g. 16 
Aug. 23 
Aug. 30 
R' 

*Slgnificant at the I) . 05 level of probability. 
"Significant at the 0.01 level of probab1lity. 

.. 
-1.1 

-0.892 (- 0.39) 
4.644 ( 1.44) 
1.666 ( 0 . 73) 
2.293 ( 1.02) 
3.414 ( 1.27) 
1.309 (0.53) 

- 2.941 (-1.03) 
- 1. S87 (-0 . 79) 

2.694 (l.10) 
9.740 ( 4. 37" ) 
0 . 006 (0 , 00) 
7.151 (2.75 '") 
8.699 ( 2.51*) 
1. 025 ( 0.48) 
1. 774 (0.72) 
0.856 (0.47) 
2.670 ( 1.20) 
3.508 ( 1. 55) 

- 1.232 (-0.86) 
75% 

in other weeks tht correlation is positive. This negnive relationship may be: 
due ro excessive rainfall in these particular weeks. With exception of the week 
of May 3, rhe coefficients of correlation indicate thar rainbll in June and July 
has the greatest positive effcct on yidd. This is consistent with previous results; 
drouth in J une and July has the most detrimental effccts on yidd. 

Rainfall in any om: week is not highly correlalcd with rainfall in any of the 
olher weeks (Table 8). On the other hand, the drouth days computed above in· 
diclled drouth in one week is highly corrdated with drouth in the next we<:k. 
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SUMMARY AN D CONCLUSIONS 

This study presents the results of an analysis of methods of measuring 
drouth and the (orrei.uion of these measures with corn yields. Drouth indices 
were computed for the corn crop grown on Plot Number 18, San horn Field, 
University of Missouri, using three different measures of drouth: 

L H. L. Penman's method of esrimating evapom.nspiradon. 
2. C W. Thormhv.'ll.ite's method of estimating ev~po{ranspiration. 
3. Rainflil. 

Penman's and Thornchwaire's methods of evapotranspiration were used to com
pute soil moisture budgets and esti m:!.cc drouth days. When comparing the twO 
methods, ie was found chat Penmln's method estimated more drouth in the first 
part of the growing season while ThornchW1.ite's method estimated more drouth 
in the laSt parr of the season. There was little difference in the tot11 or me1n 
number of drouth days estimated by the twO methods for the 48 years considered 
in the study, but there was a considenble difference in their estimate of when 
drouth occurs during the growing season. 

The data obtained from the three drouth measures were used to compute 
regression equations for (Om yields using kast squares regression procedures. 
The purpose of the regression analys is was not to foreCl.St corn yields but to de
termine which index correlated best with existing yield data. The regression 
equations expressed com yields as a function of weekly, monthly, and seasonal 
drouth days; ninfall was divided only by weeks. 

Correlating corn yields with the total number of drouth days per growing 
season resulted in low coefficients of determination, 0.33 for Thornthwaite's 
method and 0.4' for Penman's method. This method ignores the effects of the 
distribution of drouth throughout the growing season. 

The results were not significantly improved when corn yields were correlated 
with the number of drouth days per month during the growing season. Thorn· 
thwaite's method resul ted in an R' of 0.38 as compared to a R 2 of 0.46 for Pen· 
man's method. Drouth in July was found to have the mOSt significant effect on 
(Om yields with August next in impott:l.nce. 

The results were improved when corn yields were conelated wi th the num
ber of drouth days per week; the R' for Thornthwaite's merhod was 0.'2 as 
comfY.lred to an R 2 of 0.68 for Penman's method. W hen weekly ninfall was cor
rebted with corn yields, and R2 of 0.75 was obtained. Weekly rainfall explained 
more variation in corn yields than either of the other twO more sophisticated 
methods, while Penman's method explained more than did T hormhwaite's 
methoo. 

Thus, if all that is desired in a method of indexing drouth, weekly ninfa11 
seems the simplest and also the most effective measure. Of the twO methods of 
computing evapotranspintion and drouth days, Pennun's method llppears to be 
the more desirable. Penman's method depends upon a variety of climatic meas-
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ures, including rlinfall, windspeed, humidity, percent sunshine, and radiation 
measures, and is morc difficult to compute, Many times, the necessary data 
needed for Penman's method may not be av~ilablc. When the data are avail1ble, 
the added realism of Penm~n's method would appear to be worth the extra ef
fort. The commentS above, of course, are based only on this single analysis. More 
work should be done before generalizations ~re made. 

The results show that drouth in J uly and the first part of August has the 
greatest negative effect on corn yield, with drouth occurring around July 20th 
being the mOSt serious. Drouth prior to J uly and after August 15 did not gready 
reduce corn yields. Drouth in one week is highly correlated with drouth in the 
next week, but drouth in any month is nOt highly correlated wirh drouth in the 
next month. 

The analysis of 9.!eekly ninfall suggested that n infall during the last week 
in June, beginning J une 28, and during the earl)' weeks of July has the gre:nest 
effect upon corn yield. Also, the analysis indicated that, although weekly drouth 
data are highly correlated, weekly rainfall amOUntS are not. 

The correlation analysis used here suggests the difficulty of forecasting crop 
yields. Weather conditions from the last part of June to the first parr of August 
have a significant effect upon yield of corn; until these weather vadables can be 
accurately forecast, there is little hope of an accurate forecast of corn yields. 
Thus, economic analyses concerning corn produ<tion and weather variation mUSt 
rely heavily upon hiscorical climatological data. Also, the correlation analysis can 
be misleading. Drouth in May and June might have an important effect on com 
yields. The results of the analysis indicate it does not, but this is because drouth 
USUllJly does not occur in May and June and the analysis is therefore unable to 
assess its effects accurately should it occur. 

BIBUOGRAPHY 

1. Albrecht, F., "Die Methoden lur Bestimmung Ocr Verciunsmng der Namrlichen 
Erodbedhche" Arfhiv fur Meteor, Grophysik and Biokiim. Allgtmeine und Bioi, 
Klimat. 2: 1-38, 19'1. 

2. Barger, G. Land H. C. S. Thom, "A Method for Qllrll.cterizing Drouth Intensity 
in Iowa." Agronomy Journal 41: 13-19, 1949. 

3. Barger, G. Land H. C. S. Thom, "Evaluation of Drouth Hazard," Agronomy 
Journal 41: 519-526, 1949. 

4. Baver, L D" Soil Physics,John Wiley and Sons, New York. 
,. Bbney, H. F. and W. O. Criddle, "Determining Water Requirements in Irrigared 

Areas from Climatological and Irrigarion Data," U.S.D.A., Soil Conmvation Str!)
ia, Scs. TOP-%, 19'0. 

6_ Decker, Wayne L , Evapotranspiration and Hlat Budget [nw:uigatio1/J in Missouri. 
Final Reporr, Conrt:.l.ct Cwb 9992 to U. S. Wearher Bureau, Department of Soils, 
University of Missouri, Columbia, Missouri, May 1, 1961. 

7. Decker, Wayne L and John F. Gerber, CompariIon of Eltimaud Valrm of EvafO' 
transpiration, Final Reporr on Research ConduCied under Contnct Cwb 8807 be· 



12 M ISSOURI AGRiCULTURAL EXi'~RIMENT STATION 

",,"Cen the UnivCTsic)' of Missouri Agriculture E~JXrimen{ Station and U. S. 
We:ather Bureau, Columbia. Missouri.)ul)· 1.1957. 

8. Dc:nmad. O. T. and R. H. Sha ... ', "E\'aporrlnspir:uion in Relation 10 the Devel· 
opmcnr of the Corn Crop:' Agrrr.HliUJ jONrl/ai )l: 725-726, 1~9. 

9. Engelbrecht, Howard H.. "The .... pplic3!ion of High Speed Computcrs in Irriga. 
tion RC$(:lfCh," Bullcri'l of fhll'lm~rka1/ .\Jrfto;y;Jqgkuf Srxir~r 40: ~61-56~. 1959. 

10. Fisher, R. A., "The Influcn~c of Rai1l/all on the Yield of Whe~{ al ROlhamsted," 
Phil. Tram. Roy. SIX. of UJlldOll . Sedes B. 213: 89·1·12, 1925. 

11. Geiger, Rudolf. TiN Clllllalt N,ar fbi GroIlJlfI. H:ltyard Univcrsic}' Pres~, Cam· 
bridge, MasSlchuserrs. 1959. 

12. Gerber, John :. and Wayne L O«kc:r. A CompariJIJII t;f EI·apolr.tnJp;r.1iti~11 at Esti· 
Iflattd by Iht H~al Blltlgtl "'Id MMJJlmJ b)' lIN !Paw' BtllaMi FTlI," a Com Fitid, 
Final Report to U. S. \'(ferher Burtiu. Conrr-act Cwb 9)63 Dep;inmmr of Soils, 
Univeniry of Missouri. June I, 1960. 

13. Hayward. Hernnn E.. Tk Stru(fuTt of Ih.! E((1nol1lic Plam. The Macmill:.tn Com· 
p3ny, New York. p. 111. 19~. 

14. Holmes. R. M. and G. W. Robertson, "A ]l.{odul1red Soil .Moisrure Budger:' 
Ml1nfhly Wtalhn- Rttitw 87: lOl·10~. 19~9. 

1~. KnefSch. J~,k Land W . L. Parks. blUrpruing RtJu/lJ I1f Irrigation EXfJlrimtnlJ, A 
Progress Report, TVA Report No. T ~9·1 AE, Knowille. Tennes!ec. Augusr, 
1~8, 

16. Knet5Ch. J~d;: L and James Smallshaw. Tht O(t:umnct oj Drourh ill fIN Tmnt/SIt. 
Va/fry. TVA Reporr No. T ~8·2 AE, Knoxville. Tennesscc,june. 19~8. 

17. Kohnke. Helmur, Soil Seima Simplifitd. Published by rhe aurhor, West u.ti),ette. 
loo i1l1"1. 1~3. 

18. McCloud. D, E., "\'(farer Requirements of Field Crops in Florid,. :.IS Influenced by 
Qimate," Soil Sdtna Slxitly I1f F/lJrida Pr«. i); 1 6~·ln. 1955. 

19. Meyer. A, "Ueber Einige Ausammenhange Z .... ischen Klima und Boden in 
E:Jrop:1:' Cbtmi .. d~r ErJ~ 2: 209-).t7. 1926. 

20. O~~.·:l: . F ~ nd R. B. Herria,\(. '"E(,'no mic Aspe.::, 0: tile E:l"c,·ts of Ferriliz({. 
So: : ~J":H:f<' .m J R.:iinilll ,1['; .h. ·'1 ·,dJs of G"-Jin S.xshur.l in ,h;:, $;JnJr wilds of 
Sol,!; r.\"\" ~$r :::"~: l • .u."j~!:;'j{':! r.f F.:;·II: £'.",/1JNI.u iO: 6<r·7Od. 19~5. 

21. Par:'~. W. L. lncijl(k L Kn<:rs.:h. "Corn Yields .IS Inrlu<:rl(cd hr Nitrogen !..e\·cl 
and Drourh Inten~itr," Paper Prc$CllIed Before Division IV Soil Science Society 
of J\mr:."TiCl at Purdue University. AllgUSt 8, 19~8. 

22. Penman. H. L, "Es!imadng Evaporranspiration," Tram. AIIItT. ~hy. UnilJll ~7: 
43·~O. 19'6. 

B. Penman. H. L, "Evaporation: An Introductory Survey," Quart.jl1l1f. Ntthtrlttnds 
jrJJtT11aJ Df Agri. Stima 4: 9-27. 1956. 

24. Penman. H. L.. "N~lur:r.1 Evaporalion From Open Walcr, SlIe Soil and Grass," 
Ptrx. Rt1J. 5«. 0/ /..4ndon, Series A, 193: 120-146. 1948. 

25. Robins. J. S. and C. E. Domingo. "Some Eff .. 'C[s of Severe Soil Moi~ture at Spe
cific Growth Stages in Com," Agf'IJlIl1my journal 45; 618-621, 1953. 

26. Shaw. R. H. and Loomis. W. E .. "Bases for the Prc.:licrion of Corn Yields," Plant 
Ph)Jioll1Y 2'; 22'·244. 1950. 

27. Thornthwaite, C. W .. "Rational Classification of Climate," Qog. Rtlii~ 38: "-94, 
1948. 



RESEARCH BULLETIN 788 23 

2S. Thornthwaile, C. W., "The Climates of Nort h America," &og. RIf'itrlJ 21: 6H· 
654, 1931. 

29. Thornrhwlite. C. WI. lnd M. H. Halscead, "Microme!<:orologyof the Surflce 
La)'er of (he Atmosphere. The Flux of Momentum. Heat :md Wat(T Vapor:' Pub. 
/iC'4tioRJ iII CJiPI4folog]. VoL 7, No.2. Labonto!)· of Climatology Seabrook. N~ 
Jersey, 19'4. 

~O. Thornrhwlite. C. W . and J. R. Mather, " T he Water Balance," Pubiir<1f:01/S ill 
C/im<1/o1og)'. Vol. 8, No. I, Laboratory of Cli matology. Drexel Insr itute of Tech· 
nology, Ccnrenon, New Jersey. 19'5. 

31. Thornton. J ohn F .• Vernon C. Jamison, Earl M. Kro tl!. Glenn A. Thompson. 
Fred D. Whitaker. Sherman R. Miles, and Beuy S. Wolf. Annual Resc:w:h Re· 
pot[ Eastern Soillnd \'(fa rer M:lnagemcnt Bnnch Soil 2nd WlIer Conservation 
R('5 .... ~rch Div;Jion and Missouri Agricu!ru!';!l Experiment Station. Columbi:l, Mis· 
souri. 1958. 

}2. Transcau. E. N ., " forest Ceoteu of Eastern America," Anltrimn Nllfuf"liJl 39: 
sn·889. 1905. 

33. van Sa"d, G. H. M., " A Drourh Criterion 2nd Its Application in Evalullling 
Drou th Incidence and Huard," Agronomy j fJJlfPIIJ ~ , ; 167·172, 19H . 

• 



24 
M

IS..<O
U

IU
 A

G
R

IC
U

L
T

U
R

A
L

 E
x

P
E

R
IM

E
N

T
 S

T
A

T
IO

N
 

~ 

-" " e 
,. • • -

• 
• 

0 • • • • -
• • • • • • • • • • • • • • • • • 

• 
£ • • " • o. " • " • 

0 • • " • • • 
0 " • • • • • • • • • 

U
>

 
• • • -. • -

• • • 
• • • • • -

• 
" • • 

• • 
0 u 0 " 

• 
Q
O
~
~
~
O
O
N
O
O
O
O
O
O
O
O
O
O
O
 
"

'
<

0
0

0
 •

•
•
 "
. 

• 
<

 • " • • -" w:j ·
0

 

~§ 
~
.
 

~
:s 

<
. 

g
. 

0
0 

.-i8 
" 

<
 

-
0

0
 

0 "- "" 
Z

 ". 
~
 

• 
i'~ 

• < 
'8

 
O

z
 

"
<

 
~
 . • • -; 

• -,,-~, 
1 • -

• 
oo 

o
-

S" 
~-~ 
". "0 ' . . -" • • > <

 0 
~
O
O
~
O
~
~
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
N
~
O
O
 

i' 0 g 
~
O
O
~
O
~
~
O
O
O
O
O
O
O
O
O
O
O
O
O

O
O
O
O
O
N
~
O
O
 

0 , -0 - • < " 



TABk!:": 1=CONTINUED 

Year May ,~ Julr 

" 
, 14 " 28 5 " 19 " 1939 0 0 , , , , 5 , , 

19" 
, 0 , , 0 , , , 3 

'''' 
, , , , , , , , , 

19" , 0 , , , , , , , 
'''' 0 0 , , 0 0 0 0 0 
19" , 0 , , , , , , , 
'''' 0 0 0 0 0 , , , 1 

" .. , 0 , , , , , , , , 
'''' 0 , 1 , 0 0 , , , 
19<9 , , , , 0 , , 0 0 
1950 0 0 0 0 0 0 • 0 1 
1951 0 0 0 0 0 0 0 0 0 
1952 0 0 0 0 • , 1 , , 
1953 0 , , , 5 1 , , , 
19'" , , 0 0 , , , , , 
1955 , 0 0 , , , 0 , , 
1956 0 , 0 , 0 , 0 , , 
1957 0 0 0 , , , , • 1 
1958 0 0 0 , , , 0 0 0 
1959 0 0 5 , 6 , , • 3 

AU&!!8t , , 
" '" 1 1 , , , , , , , , 0 , , , 0 , 

0 0 , , 
0 0 0 0 
0 0 0 0 
3 • 6 , 
0 , , , 
0 , , 0 
2 0 0 0 
0 0 0 0 
3 0 0 0 
1 0 , , 
0 0 , 0 
0 0 • 0 
2 1 3 , 
0 1 2 , 
0 0 0 0 
0 , • , 

Corn 
30 Yield , H.3 , 37.9 , 37.0 , 39.6 , 63.6 
0 33.6 
0 31.4 , ~3. 0 , .... 
0 32.0 
0 61.2 
0 ~0.6 

0 32.3 

• 28.' 
0 0.' 
0 48.3 

• 7~.2 , 30 .9 
0 91. 1 , 25.2 

~ • > • 0 , 
'" c 
~ 
" Z 
~ g: 

N 
V 



TABLE 2-DROUTH DAYS PER MONTH, COMPUTED WITH PENMAN'S EQUATION 
WHERE Et .. . 7Eo. , A.I'm CORN YIELDS FROM PLOT 18, SANBOfu'l nELD, 

COLUMBIA, MISSOURI. 

You M'Y J_ Jw, August Co", Yleld 

19" 0 , 0 0 64.3 
190' 0 0 0 0 33.4 
1911 0 " " U 25 .1 
1912 0 0 • , 30.8 
1913 0 19 16 " 18.2 
1914 0 ,. " 13 33 . 9 
1915 0 0 0 0 4 ~ . 7 
1916 0 0 1< " 14. 6 
1911 0 0 1< , 35.6 
1918 0 0 " 6 23.4 
1919 0 0 , 3 39. 1 
1920 0 0 22 • 50.8 
1921 0 0 16 0 42.8 
1922 0 0 3 • 45.0 
1923 0 0 0 0 42.6 
192< 0 0 0 0 37.6 
1925 0 0 0 0 34.0 
1926 0 , , 11 18.8 
1928 0 0 0 0 35.6 
1929 0 0 0 26 ' . 6 
1930 0 , 30 1< '.0 
1931 0 0 " , 50.0 
1932 0 0 11 3 38.3 
1933 0 0 ,. .. 32.4 
19" , .. " .. 0.0 
1936 0 " " " 0 . 0 
1937 0 0 2 20 42.7 
1838 0 0 0 16 ".8 
1939 0 0 • , ".3 
19<0 0 0 2 , 37.8 
19" 0 0 0 0 37 .0 
19<2 0 0 0 0 39.6 

"" 0 0 0 0 63.6 

'''' 0 11 " 0 33 .6 
1946 0 0 11 0 31.4 , .. , 0 0 0 " 43.0 
19 .. 0 8 0 0 ".8 
19" 0 0 0 0 32.0 
1950 0 0 , , 51. 2 
1951 0 0 0 0 40.6 
1952 0 0 24 • 32.3 
1953 0 11 20 17 ,.. , 
19" 0 0 26 0 0.0 
1 95~ 0 0 0 • 48. 3 
1956 0 0 0 11 75 . 2 
1957 0 0 11 , 30.9 
1958 0 0 0 0 91.1 
1959 0 10 32 18 25.2 



Year 

1905 
1907 
1911 
1912 
1913 
1914 
1915 
1916 
1917 
1918 
1919 
1920 
1921 
1922 
1923 ,,,. 
1925 
1926 
1926 
1929 
1930 
1931 
1932 
1933 
1934 
1936 
1937 
1938 
1939 

" .. 
"n "., "., " .. " .. "., '9<, '9<, 
1950 
1951 
1952 
1953 
1954 
1955 
1956 
1957 
1958 
1959 

TABLE 3-TOTAL NUMBER OF DROUTH DAYS PER GROWING SEASON, 
COMPUTED WITH PENMAN'S EQUATION, Et ... 7EO .• AND CORN YIELD 

FROM PLOT 18, SANBORN FIELD, COLUM~, MISSOURI. 

Drouth Days 
Per season Corn Yield , 64 . 3 

• 33.4 

" 25. 1 

" 30.S 

" 19. 2 ., 33.9 

• 45. 7 
33 14.6 
16 35.6 

" 23.4 
to 39. 1 

" 50.8 
16 42.8 

" 45.0 

• 42.6 

• 31.8 

• 34.0 
33 19.8 

• 35 . 6 

" '-' 
" ••• 
" 50.0 
to 38.3 ., 32.4 .. • •• 
80 ••• 
" 42.7 

" 44.6 , 44. 3 

• 37.9 

• 37.0 

• 39.6 

• 63 . 6 .. 33 . 6 

" 31.4 

" 43 . 0 , 64.S 

• 32.0 , 51. 2 

• 40.6 

" 32.3 

" '''' " ••• 
'" 48.3 

" 75.2 .. 30.9 

• 91.1 
60 25.2 



TABLE '-DROUTH DAYS PER WEEK, CO)1PUTED WITH THORNTHWAlTE'S 
EQUATION AND CO~~ YIELDS FROM PLOT 18, SA..~BORK FIELD, 

COLUMBIA, MlSSOURl . 

"" 1911 
1912 
1913 
191-4. 
1915 
1916 
1917 
1918 
1919 
1920 

"n 
1922 

"" " .. 
1 92~ 

1926 
1926 
1929 
1930 
1931 
1932 
1933 

"" 1936 
1937 
1938 
1939 ,,., 
"" 
"" " .. " .. " .. 
"" ' .. 8 " .. ,,,. 
1951 
1952 

"" "M 
1955 
1956 
1957 
1958 
1959 

o 0 0 0 
o 6 '1 7 
o 0 0 0 
o 7 0 5 
1 6 6 2 
o 0 0 0 
o 0 0 0 
o 0 0 0 
o 0 0 0 
o 0 0 0 
o 000 
o 0 0 0 
o 0 0 0 
o 0 0 0 
o 0 0 0 
o 0 0 0 
o 0 0 0 
o 0 0 0 
o 0 0 0 
o 0 0 0 
o 0 0 2 
o 0 0 0 
o 0 0 0 
o 1 3 '1 
o 5 '1 '1 
o 0 0 0 
o 0 0 0 
o 0 0 0 
o 0 0 0 
o 0 0 0 
o 0 0 0 
o 0 0 0 
o 0 3 '1 
o 0 0 0 
o 0 0 0 
o 0 0 0 
000 0 
000 0 
o 0 0 0 
000 0 
o 1 8 5 
o 0 0 0 
o 0 0 0 
o 000 
o 0 0 0 
o 0 0 0 
o 0 0 , 

o 0 0 0 
4 3 5 4 
o 0 0 6 
2 1 3 '1 
o 4 7 '1 
o 0 0 0 
o 1 7 7 
o 0 2 7 
5 '1 6 7 
o 0 1 7 
3 6 7 3 
2 5 7 2 
o 0 2 4 
o 0 0 0 
o 0 0 0 
o 0 0 0 
o 0 0 0 
o 0 0 0 
o 0 0 1 
3 '1 6 7 
5 7 1 6 
o 0 0 0 
5 6 6 7 
7 '178 
7 6 5 7 
o 4 0 3 
o 0 0 0 
1 II 2 2 
o 0 0 0 
o 0 0 0 
o 0 0 0 
o 0 0 0 
6 '1 6 0 
3 '1 2 1 
o 0 0 0 
o 0 0 0 
o 0 0 0 
o 0 0 0 
o 0 0 0 
1 5 '1 7 
o 7 3 7 
5 7 '1 8 
o 0 0 0 
o 0 0 0 

o 1 " 1 
o 0 0 0 
8 '1 4 4 

• • • , 7 · , 7 7 
7 3 

• • 7 , , . 
7 • , , 
• 7 • • , 3 

• • • • • • , 3 

• • 
7 7 
7 3 , . 
3 • 

• 3 7 8 · , 8 7 
7 7 · , 8 • 

• • • • • • 
• 1 • • 
• 3 • • • • • • • • • • , . 
• • , . · , · , • • 
1 7 

• • • 
• 7 3 • 

• • , . 
• • • • · , 3 • 

• • 
8 3 

• • • • • • • • • • 
7 7 

• 5 • • • • , 7 

• • 
7 7 

• • 3 , 

• • • • 
• 1 • • · , • • • • 
7 7 

• • • • • • • • • • , 7 

• • 7 , 
3 7 
3 7 

• • , 8 

8 
7 

• • , 
• • • • • 
3 , 
• • • • , , 
• • 
8 

• , , 
8 

• • , 
1 , 
• • , 
• • • • • • • • • 
7 

• 
7 

33.4 
25.1 
30.8 
19.2 
33.9 
45.7 
14. 6 
35.6 
22.4 
29.1 
50.8 
43.6 
45.0 
42.8 
37.8 
34.0 
19.6 
25.6 
7.8 

••• " .. 
38.3 
32.4 

••• 
••• 

42.7 
".8 
44.3 
37.9 
37.0 
39.6 
63.6 
33.6 
31.4 
43.0 
".8 
32.0 
~1.2 

40. II 
32.3 

".7 
••• 

48.3 
75.2 
30.9 
91. 1 
25.2 



TABLE 5- DROUTH DAYS PER MONTH, COMPUTED WITH THORNTHWAlTE'S 
EQUATION AND CORN YIE LDS FROM PLOT 18, SANBORN FIELD, 

COLUMBLA, MISSOURI. 

y .... ,~. ,w, AUgllSt Corll Yield 

"" 0 0 0 64 . 3 
1907 0 0 0 33.4 
1911 " " " 25.1 
1912 0 , 7 30. a 
1913 , 

" 28 19.2 
1914 " 17 H 33.9 
1915 0 0 0 45.7 
1916 0 1< n 14.6 
1917 0 , , 35.6 
1918 0 " 

, 22.4 
1919 0 7 " 39.1 
1920 0 19 10 50.8 
1921 0 18 0 42 . 8 
1922 0 , 1< 45.0 
1923 0 0 0 42 . 6 
1924 0 0 0 37 . 8 
1925 0 0 0 34.0 
1926 0 0 9 19.8 
1928 0 0 0 35.6 
1929 0 0 31 7.' 
1930 0 " 19 '.0 
1931 0 20 , ,<>.0 
1932 0 0 , 38. 3 
1933 0 " 19 32.4 
1934 7 30 1< 0.0 
1936 " 28 " 0 . 0 
1937 0 , 

" 42.7 
1938 0 0 " 44 . 8 
1939 0 11 , 44 . 3 
1990 0 0 , 31.9 

' ''' 0 0 10 37 . 0 
1992 0 0 0 39 . 6 

'''' 0 0 , 63.6 
1944 , 23 , 33 . 6 
1946 0 13 0 31.4 

"" 0 0 19 43.0 
199' 0 0 0 8<. , 

' ''' 0 0 0 32.0 
1950 0 0 0 51. 2 
1951 0 0 0 40.6 
1952 0 " 

, 32.3 
1953 , 

" " 2<.7 

"5< • 25 • 0.' 
1955 • • " 48.3 
1956 0 • 11 75.2 
1957 • 12 1< 30.9 
1958 0 • • 91.1 
1959 1 " 21 25.2 



Year 

1905 
1907 
1911 
1912 
1913 
1914 
1915 
1916 
1917 
1918 
1 919 
1920 
1921 
1922 
1923 
1924 
1925 
1926 
1928 
1929 
1930 
1931 
1932 
i933 
1&34 
1936 
1937 
193 B 
1939 

"" "n "., "., 
"" 
"" "., 
"" " .. 
1950 
1 951 
1952 
1 953 
1954 
1 955 
1957 
1958 
1959 

TABLE 6- TOTAL NU~lBER OF DROUTH DAYS PER GROWING SEASON, 
COMPUTED WITH THORNTHWAITE 'S EQUATION AND CORN YIELD 

FROM PLOT 18, SANBORN F IELD, COLUMBIA, MISSOURI , 

Drouth DayB Corn Yield 
Pe r SeMon 

0 64 . 3 
0 33 .4 

" 25,1 

" 30 .8 

" 19 . 2 

" 33 . 9 
0 45. 7 

" 14 . 6 
U 35. 6 

" 23 .4 

" 39. 1 

" 50.8 
16 42. 8 

" 45.0 , 42.6 
0 37.8 
0 34 . 0 , 19. 8 
0 35.6 

" '-' 
" <. 0 

" "'.0 , 38.3 ., 32. 4 

" 0.0 

" 0. 0 

" 42.7 

" 44.8 

" 44.9 , 37 . 9 

" 37.0 , 39.6 

" 63.6 ,. 33.6 

" 31. 4 

" 43.0 
0 ,'-' 
0 32.0 
0 51.2 
0 40.6 ,. 32.3 

" 
,.., 

" 0.0 

" 75.2 

" 30.9 
0 91.1 

" 25.2 
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