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AreCrop Yidds Normally Distributed?

Abstract

This paper revidts the issue of crop yied didributions usng improved modd specifications,
edimation and testing procedures that address the methodologica concerns raised in recent
literature that could have invdidated previous conclusons of yield non-normdity. It shows beyond
reasonable doubt that some crop yield didributions are non-normd, kurtotic and right or left
skewed, depending on the circumstances. A procedure to jointly estimate nontnormd farm and
aggregate-levd yidd didributions with smilar means but different variances is illudrated, and the

consequences of incorrectly assuming yield normdlity are explored.

Key Words: Yidd non-normdity, probability digribution function modes, Corn Bdt yidds, West

Texas dryland cotton yields.



AreCrop Yidds Normally Distributed?

The issue of crop yidd normdity versus non-normdity has been sporadicaly addressed in
the agricultura economics literature since the early 1970s. In 1974 Anderson argues about the
importance of being able to mode crop yied nortnormality (skewness and kurtoss) and changing
variances in the yidd digtributions through time/space; since these could be important characterigtics of
many crop yield distributions and could have substantia implications for economic risk anayses.

Gdlagher (1987) advances a univariate procedure to modd and smulate skewed yield
digributions usng the Gamma dendty, focusng on modding the changing variability of soybean
yields over time as. He recognizes, however, that there are fixed relationships between the mean, the
variance and the level of skewness and kurtoss imposed by the Gamma density, which depends on two
parameters ally. A consequence of this “lack of flexibility,” for example, is that in order to modd and
smulate a changing variance one needs to accept that the mean, skewness and kurtoss of the yield
digribution are dso changing according to arbitrarily fixed formulae.

In 1990, Taylor tackles for the first time the problem of multivariste non-norma smulaion. He
uses a cubic polynomid gpproximation of a cumulative digribution function ingead of assuming a
particular multivariaie dengty for empirica andysis. Ramirez, Moss and Boggess explore the use of a
parametric dendgty based on an inverse hyperbolic sne transformation to normdity. Ramirez (1997)
andyzes aggregate Corn Bet yidds usng a multivariate non-norma parametric modeling procedure.
He concludes that annual average Corn Belt corn and soybean yidds (1950-1989) are non-normdly
digtributed with a tendency towards left-skewness.

A consensus about the possible nontnormaity of some crop yied didributions, however,
has not been reached in the agriculturd economics literature, and recent research (Just and
Weninger) points to modd specification and datistica testing problems that shed doubt on the
vdidity of dl previous findings of yidd non-normdity. The following specific problems have been

identified: (i) misspecification of the nonrrandom components of the yidd digributions, more
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ecificdly the assumption of linearity in the time trend for the mean of the didribution, (ii)
misreporting of datigicd dgnificance, more pecificaly usng the results of separate (non-joint)
tests for skewness and kurtosis to conclude norn-normdity, and ii) the use of aggregate time series
data to represent farm-level yidd didributions, more specificaly to esimeate the variance of the
farm-level yidd digribution. In addition, there are concerns about the inconsstency of the yied
non-normdity findings, such as Day’s reporting postive (right) skewness while others (Galager,
1986, 1987; Swinton and King; Ramirez, 1997) conclude negative (left) skewness, and about the
using of competing dternative didtributional assumptions.

The issue of whether an gpplied researcher conducting economic risk analyses should
assume yidd normdity or dlow for the posshility of yidd non-normdity is critica. Didributiond
misspecification could fundamentaly impact, for example, the results of crop insurance andyses,
and non-normdity could invdidate meanvariance (E-V) approximations of expected utility
maximization (Jus and Weninger). This atide revists the issue of yidd non-normdity while
addressing dl of the procedural problems discussed above.

Specificdly, an expanded, more refined parameterization of Johnson Sy family of dendties
is utilized, arguing that this parameterization is flexible enough to dleviae the concerns of using
different competing digtributiona assumptions in agpplied ressarch. This expanded Sy family of
dendties is used to revigt the issue of whether the aggregate Corn Bet corn and soybean yied
digtributions are non-normd, relaxing the assumption of linearity in the time trends for the means
on the didributions, usng joint tets for non-normdity under the full and dl redtricted modd
specifications, to avoid the “double-jeopardy of normdity” problem and ensure that the conclusons
are not affected by the ordering of the datidticad tests. The tests are conducted under two different
heteroskedastic specifications to explore if this could affect the non-normdity conclusions.

West Texas dryland cotton yield distributions are dso andyzed in this sudy, illusrating the

use of the expanded Sy family of dendgties to jointly edimate aggregate and farmilevd yidd
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digributions. A combinaion of county- (1970-1998) and farm (1988-1998) leve data from six
Southern High Plain counties and 15 different farm units, and four Northern Low Plain counties and
10 different farm units, is used to edimate the corresponding didtributions. This addresses another
important issue recently raised in the literature how to estimate different farm and aggregate leve
yield variance dructures without assuming normdity. The aticle dso provides likdy explanaions
for the apparently contradictory findings of postivey and negaively skewed crop yidd
distributions, the last issue recently cited as evidence againgt the proposition of non-normality.
Methods and Procedures

The Sy family of parametric digtributions was built from a Gaussan dengty (Johnson, Kotz
and Baakrishnan). The Sy family can be modified and expanded by one parameter to obtain a
flexible probaility digtribution function (pdf) modd:
(D) Ye=XB+[{sd/G(am} “H{snh(qVy)- Fgm} /g, Vi ~N(md),

F(Q.m = E[sinh(qVy)] = exp(q/2)sinh(gn), and

G(Q.m = {exp(a’)- 1H{ exp(q”)cosh(- 2qm)+1}/2¢?,
where Y; is the random varigble of interest (crop yields); X is a (1xk) vector of exogenous variable
vaues ghifting the mean of the Y, didribution through time (t); B is a (kx1) vector of parameters, s;
>0, - ¥<Q<¥, and - ¥<nx¥, are other digributiona parameters, and sinh, cosh, and exp denote the
hyperbolic sne and cosne and the exponentia function, respectively. Vi, an independent normdly
digributed random variadble, is the bass of the stochadtic process defining the expanded Sy family
of densties. Using the results of Johnson, Kotz and Baakrishnan it can be shown that in this modd:
(2 EYi]=XB,

ValYi] = s,

Skew[Y] = E[Y:’] = S(q,m),

Kurt[Y+] = E[Y*] = K(q,m.
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where §(g,n) and K(g,m) involve combinations of exponentid and hyperbolic sne and cosne
functions. The results in (2) imply that E[Y] = XB, regardless of the vaues of s, g, and m and that
the variance of Y; is s0ldy determined by s:. The skewness and kurtosis of the Y, didribution are
determined by the parameters g and m If g 0 and m approaches zero, the ; distribution becomes
symmetric, but it remains kurtotic. Higher absolute vaues of q cause increased kurtosis. If gt O and
n>0, Y; has a kurtotic and right-skewed distribution, while 0 results in a kurtotic and left skewed
digtribution. Higher vaues of mincrease both skewness and kurtos's, but kurtosis can be scaled back
by reducing |g| (proof available from the authors).

Johnson, Kotz and Baakrishnan (pp. 34-38) indicate that both the norma and the log
norma and dendty ae limiting cases of the Sy family, which aso provides for a cose
approximation for the Pearson family of digtributions. They present the Abac for the § family and
demondtrate that for any shape factor combination below the log-norma line, there is an appropriate
Sy didribution. Since these shape factor results apply to the proposed expanded form of the Sy
family, it follows that the expanded Sy family dlows for any mean and vaiance, as wdl as ay
combination of right or left skewness-leptokurtoss vaues below the log-normd line This means
that as long as the rare negative (platy) kurtosis can be ruled out, the expanded & family is flexible
enough to dleviate the concerns of imposing incorrect didributional assumptions when using it to
gpproximate a true, unknown crop yield distribution.

In practice, under normdity, both mand q would approach zero and the proposed pdf model
would collgpse into a norma distribution with mean X;B and variance s? (proof available from the
authors). Therefore, the null hypothess of normdity vs the dternative of non-normdity is Ho:
g=n¥0 vs. Ha gt 0, nt 0. The null hypothess of symmetric non-normdity versus the dternaive of

asymmetric non-normdity is Ho: ¢*0, m=0 vs. Ha ¢'0, nt0. The concentrated log-likelihood
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function that has to be maximized to estimate the non-norma pdf modd defined in equation (1) is

obtained using the well-known transformation technique (Mood, Grayhill, and Boes):

T T
(3) LL=SING)-0.5 SH?; where
t=1 t=1

G = {s/G(am(1+RH} 2,

Hy = {snh ™ (Ry)/g}- m

R = [q(Ye- XB){s/G(a.m} *]+F(q,m.
t=1,...T refers to the observations, sinhi(x) = In{x+(1+H&)Y?} is the inverse hyperbolic sine
function, and s, F(g,m), and G(q,m) are as defined in equation (1).

The multivariate equivdlent of this non-norma pdf mode is obtained by assuming that each
of the M random variables of interest (the potentidly corrdaed yields from different crops in this
caxe) follows the flexible pdf modd defined in equaion (1). All theoreticaly possble degrees of
correlation among these variables are achieved by letting a multivariate normal process vector Vi ~
N(mS) underlie this modd, where m is an (Mx1) vector of parameters and S is an (MxM)
corrlation matrix with unit diagond elements and non-diagond elements r ;. The concentrated log-
likdihood function that has to be maximized to edimate this multivariale nont-norma pdf modd is

obtained using the multivariate form of the transformation technique (Mood, Graybill, and Boes):

(4 Llm ::?J,\%{ INGjr) - 0.5[(H: S%).*H¢]} - 0.5TIN(S)),
where G;; is as defined in equation (1) for each of thej=1,...,M random variables of interest; H isa
IxM row vector with elements H;; also as defined in equation (1).

As suggested in recent literature, the non-random components (X;B) are specified to account
for the posshility of nontlinear time trends in the means of the Corn Bdt corn, soybean and wheet
and of the West Texas Southern High and Northern Low Plains dryland cotton yield ditributions.

To dleviate the concerns about the ordering and power of the non-normdity test (Just and
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Weninger), a full modd is fird esimated in each case, and al dHatidicd testing is conducted in
reference to that mode using the most powerful likelihood ratio tests (LRT).

The multivariate Corn Bet yidd pdf modd includes six parameters Qc, gs and qw, and N,
ns and my) to account for corn {subscript ()}, soybean () and wheat (w) non-normdity. The West
Texas cotton pdf modd assumes that the degree skewness and kurtosis of the county and farm leve
yidd digributions in both regions are the same; therefore, kurtoss and skewness are modded by
only two parameters (Qco, and nto). As discussed above, the null hypothess of normdity can be
tested againg the dternative of non-normaity by Hoig=n+¥0 vs. Ha: gt O, mt 0. Notice that since this
is a joint likeihood ratio test for Ho: no kurtoss and no skewness, it does not suffer from the
“double-jeopardy of normdity” problem discussed in the recent literature (Just and Weninger).

In the case of Corn Bdt yidds both the full (gct m:t gst mst gt myt0) and restricted
(dc=m-=gs=my=qw =My =0) models are multivariate. They account for any potentiad correlation

among corn, soybean and wheat yidds through the parameters rcs, reow and r sy, diminging the
other potentid cause of inaccuracy in the datisica sgnificance of the nontnormadity tests. The
mean and standard deviation of each yield didtribution are estimated independently of each other,
and of the digtribution’s skewness and kurtoss parameters, by the functions X;:B; and sji. The
means of the yield distributions (X;:B;) are specified as third-degree polynomia functions of time:
4 XaBe=Beo+ Beit + Boot + Bt

XstBs = Bso + Bsit + Bsst + Bsat’,

XwiBw = Bwo + Bwat + Bwat™+ Byt
wheretisasmpletime-trend varigble starting at t=1 in 1950 and ending at t=50 in 1999.

In the West Texas dryland cotton pdf model the mean (X:B;) is soecified as:

(5)  XcoBco = Boo + BorLP + Bygt + Br(tXLP) + Bot” + Bat® + B4AF, + BLAC:
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where LP = 1 if the yidd observation comes from a fam or county in the Northern Low Plains
region and zero otherwise, t = 1,...29, depending on the year of the yidd observation (1=1970,
29=1998), AF; = acres planted in the farm at year t in the case of a farm leve yidd observation and
zero otherwise, AC; = acres planted in the county a year t in the case of a county leve yied
obsarvation and zero otherwise. Equation (5) recognizes that the mean of the fam and county leve
yidd didributions for a given region should be the same, but average yidds could be different

across regions. The latter is modeled through regiond intercept and dope shifters (Bor and BR).

In the Corn Belt yield modd, the standard deviation functions (s j;) are first specified as:
(6) Sct=Sc1+Sc2l1 +Scsl2 +Scals +Scsla

Sg=Sg t+Soli +Sxl2 +Sulz +Ssla

Swt =Swa1 + Swazl1 +Swal2 +Swalz +Swsla
where 1;=1 from 1960 through 1969 and zero otherwise, 1,=1 from 1970 through 1979 and zero
otherwise, k=1 from 1980 through 1989 and zero otherwise, ;=1 from 1990 through 1999 and zero
otherwise. Thus, 1950-1959 the basdine period, and a different standard deviation is estimated for
the yield distribution of every crop during each decade. A parameter and an indicator variable for
the 1990-1999 decade is added to each of the variance functions when working the expanded Corn
Bdt yied data set. A more common heteroskedastic specification where the standard deviations are
modeled by second-degree polynomid functions of timeis aso evauated:
(7 sa=scotsat+scat’,

Sst=Sso+ Ssit St

Swt=Swo*Swat +swat’;
In the West Texas dryland cotton yield pdf mode the sandard deviation function is:

(8) Scot =Soo + SorLP +S o . CL + s 10t + S1R(IXLP) +s 4, (tXCL) + Szt2 +s 4JAF; + sS5AC;
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where CL = 1 for county level yidd observations and zero otherwise, and LP, t, AF; and AC; are as
defined above. This heteroskedadtic specification dlows for different yield variances in the initid
year, which change a different rates through time, depending on the leved (farms vs. county) and on
the region (High vs Low Pains). It dso alows for non-linearity in the time trends of the standard
devidtions, and for the acres planted at the farm and county levels to affect yidd variability a each
of theselevels.

In summary, in both cases the full modds dlow for yiedd non-normdity (kurtods and right
or left skewness), third-degree polynomid time trends on the means of the yield ditributions, and
time-dependent heteroskedadticity. The Corn Bet yidd moded aso permits cross-crop yidd
corrdation. The West Texas cotton yiedd mode estimates separate non-linear time paths for the
variance a the farm and county levels, and for the two regions.

The parametric functions and parameters modding the fird four moments of the yied
digributions ae jointly edimaed usng the full informaion maximum likeihood procedures
discussed above. This addresses the other key concern raised in recent literature: that ignoring a
criticl  digributiond  characterigtic  (i.e, nontlinearity, heteroskedadticity or  multivariate
correlation) when testing for another (i.e.,, nor-normdlity) invalidates the result of the test.

This type of joint edtimation and testing goproach is preferable to the dternative used in
previous studies of firsd modeing the mean, variance, and the corrdation among didributions, and
then usng the detrended, heteroskedastic-corrected residuas to test for non-normdity, snce the
tesing for time-trend nonlinearity and heteroskedadticity without accounting for potentid non
normdity could affect the results of these tests. Ramirez (2000) multivariate andyss of 1909-98
U.S. corn, whest, cotton and sorghum prices usng Ramirez and Somarriba procedure to account for

price autocorrelation, provides a clear example of this phenomenon.
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Results
Corn Belt Corn, Soybean and Wheat Yield Distributions

The maximum likeihood parameter estimates for the full Corn Bdt yidd pdf modds and
five redricted specifications ae presented in Table 1. When edimating the full modd, the
parameter estimates that determine the degree of non-normdity in the wheat digtribution (qw and
My) approach zero, indicating normality. Thus, they are not reported in Table 1. LRTs for the
datisticd dgnificance of the individud parameters are conducted in the case of the full and find
modds, by re-esimating the models with each parameter set to zero and comparing twice the
difference of the maximum log-likelihood vaues with a ¢y varigble. As recommended in recent
literature, each of the redtricted modd specificationsis tested againgt the full modd.

The firgt of the redtricted models is used to test if the means of the yidd digributions follow
a non-linear time-trend. A LRT datistic of ¢’ (g = -2[-277.477-(-266.165)] = 22.626 rejects Ho:
Bc2=B=Bw2=Bc3=Bs3=Bw3=0 in favor of Ha: at least one, Bc2, B, Bw2, Bc3, Bss, or Bv3z ! Oat
the 1% levd. LRTs of Ho: Bc2=Bc3=0, Ho: Be=Bs=0, and Ho: Bv2=Bw3=0 rgect each of these
hypotheses a the 5% level as wdl, indicating sgnificant nortlinearity in the time trends of average
Corn Bdt corn, soybean and wheat yidds. The criticiam of potentid mean trend misspecification
due to a priory assumption of linearity isjudtified.

The second redricted modd is used to tet for the corrdation between the yield
digribuions. A LRT daidic of ¢?' (3 = -2[-280.312-(-266.165)] = 28.295 srongly rejects
Hor cs=rcw=rsw=0 vs. Ha a least one rcs, rcw or rsw * O, a the 1% levd of datidicad
sgnificance, indicating that a least two of the didributions are corrdated. Single-parameter
asymptotic Student-t tests suggest that the corn and soybean digtributions are linearly corrdated to

each other, but not with the wheat yield digtribution.
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The third restricted mode! is used to test for heteroskedadticity. A LRT dtatigtic of ¢’ (g) = -
2[-284.830-(-266.165)] = 37.331 rgects the null hypothess of homoskedasticity in favor of the
dternative hypothess of heteroskedadticity, as specified in the full modd, a the 1% dgnificance
levd. The loglikdihood function of a jointly redricted modd assuming mean linearity, non

correlation and homoskedadticity reaches a maximum vaue of —310.133. The LRT datistic exceeds
the 02(18) table vaue of 34.81 required to regject this restricted modd a the 1% leve of significance.
Mean linearity, non-correlaion and homoskedadticity are individualy and jointly rejected.

The fourth restricted modd specification is used to test for non-normdity. As suggested in
recent literature (Just and Weninger), dl normality tests are conducted in relation to the full modd,
which indudes third-degree polynomia time trends for the means, an unredricted correation
matrix and heteroskedastic specifications. A ¢’ (4 = -2[-275.605-(-266.165)] = 18.881 LRT dtatistic
drongly rgects the null hypothess of normdity of both the corn and soybean yidd didributions
(Hogc=qs=mc=ms=0) in favor of the dternative hypothess that a least one of the digtributions is
non-normd, & the 1% significance level.

Andogous LRTs for Hogc=mt=0 vs. Ha: qct0, m:t 0 (CZ*(z) = 16.275) and Ho:gs=ny=0 vs.
Ha g0 mi0 €%z = 7.450) (restricted models not presented) separately reject normaity at the
25% levd in the corn and the soybean didributions, respectively. The joint likelihood ratio tests
above avoid the “double jeopardy” of other normality tests criticized in recent literature. Reection
of Ho indicates that a least one of the parameters, q or m is not zero a the required leve of
sgnificance, which implies non-normdity a thet level.

The dngle-parameter tests (Table 1) suggest that nt and ny ae individudly different from
zero a the 5% levd, indicating that the Corn Bet corn and soybean yidd didributions are skewed.
The negative vaues of the parameter edtimates for nt and ny imply left-skewness. As argued by

Ramirez (1997) in more detall, the left kewness in Corn Bdt corn and soybean yidds is likely due
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to technologica condraints imposng a celing to the maximum yieds combined with the possbility
of wide-soread drought or pest attack causing unusudly low yiddsin any given year.

The loglikdihood function of a totdly redricted modd assuming mean linearity, non
corrdation, homoskedasticity and normdity reaches a maximum vdue of -322.75. The LRT
dtatistic exceeds the c?(,) table value of 37.57 required to reject this restricted modd in favor of the
ful modd a the 1% levd of ddidicd dgnificances Mean linearity, homoskedadticity, non-
corrdaion and normdity are individualy aswel asjointly reected.

The find modd (Table 1) is formulated consdering the results of the formerly discussed
tests of the full vs four redtricted mode specifications and of the single-parameter LRTSs in the full
modd. It meets two essentid conditions. First, nether any of the individud parameter redtrictions
imposed nor the st of redrictions as a whole is rgected at the 20% level of datistical significance.
Second, dl of the parameters included in the modd are individudly different from zero a the 10%
level of gatidticd sgnificance, according to single-coefficient LRTs.

Ramirez (1997) concluson that annua average corn and soybean yields in the Corn Bdt are
heteroskedastic and non-normdly digtributed with a tendency towards negative (left) skewness is
verified udng an updated data st that includes the last ten years of Corn Bdt yidd data, an
expanded, more refined pdf modd, and addressing al of the potentid mode specification and
datisticd testing problems identified in the recent literature.

Recent literature also expresses concern about the effect of the heteroskedastic specification
on the non-normdity tests (Just and Weninger). Norma and non-norma yidd pdf models were aso
edimated under the dternative, more common second-degree polynomid specifications for the
dandard deviation functions (the modd estimation results are avalable from the authors upon
request). A LRT rgects normadlity a the 2.5% significance level {c?’ (4 = -2[-281.2674-(-273.8772)]

= 14.7803} under this dternative heteroskedastic specification as well.
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The 1950-1999 Corn Belt corn and soybean yield data is plotted in Figures 1 and 2 versus
the corresponding third-degree polynomia trends estimated under the full norma modd. In the case
of corn yidds, three of the 50 observations are a least two standard deviations below the fitted
curve, even when assuming a heteroskedastic process that estimates larger error-term variances for
decades with increased yield volatility. No observation is two standard deviaions above the fitted
polynomid, and only three yield vaues are one dandard deviation above it. A visud ingpection of
the corn yidd data versus the norma pdf modd suggests non-normdity and a clear tendency
towards left-skewness. In the case of soybeans, three of the 50 observations are at least two standard
deviaions below the fitted curve; however, the very high 1994 yield occurrence is more than two
dandard deviations above it. This causes a wesker reection of non-normdity than in the case of
corn yields. Y et, soybean yields aso appear to be |eft-skewed.

The 1985 corn and soybean yidd didributions are smulated using the estimated norma and
non-norma pdf model parameters and an adaptation of the generd procedure outlined in Ramirez
(1997) (details available form the authors). Figures 3 and 4 illudrate the subgtantial degree of |eft-
skewnessin both the corn and soybean distributions under the nor-norma pdf modd.

The non-norma modd precisaly predicts the upper limit of the corn yidd digtribution during
the 1980s at 132 bu/acre, while the norma moded implies a 23% probability of a yied occurrence
above that levd. The nontnorma modd is dso accurate in predicting the probability of the Sx
highest yields, between 120 and 132 buacre, observed during the 1980s (60% probability
prediction, versus 25% by the norma modd). In the case soybeans, the 1985 norma mode
forecasts a 20% likdlihood of a yield occurrence above 40 bu/acre, versus a negligible probability
prediction by the non-norma pdf modd (Figure 4). Corn Bt soybean yields never exceeded that
level during the 1980s (Figure 2). The non-norma model dso provides an accurate 33% probability
prediction of the three high yield occurrences of 1985, 1986 and 1987, versus 16% under the norma

modd. In generd, for al decades, the nontrnorma corn and soybean pdf modes are accurate in
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predicting the yield celings implied by the data, while the norma modds predict between a 10%
and a 30% probability of a yied occurrence above the maximum yied observed during esch
decade. The non-norma modds are dso better a predicting the probability of yidds that are
relatively close to the mean. Intuitively, the pdf modes have to accommodate a few very low yied
years with clusters of most commonly occurring yields. In doing so, the norma modd forecasts a
subgtantia  proportion of improbably high yield levels and often underestimates the probability of
the most commonly occurring yields. Imposing normdity in these cases is ingppropriate, and could
ubgtantidly affect the results of any risk anadlysis using the smulated yield digtributions.

West Texas Dryland Cotton Yield Distributions

The maximum likdihood parameter etimates for the full West Texas cotton yidd pdf mode
and for sx redricted specifications are presented in Table 2. As before, the statistica sgnificance of
eech individuad parameter is evduated through LRTs in the case of the full and find modds The
first restricted specification assumes that the kurtoss and skewness parameters @@ and ) are equa
to zero, i.e. that dryland yields are normaly didributed. This is used to test for nor-normdity. As
suggested in recent literature, the normdity test is conducted in rdation to the full mode, which
includes athird degree polynomia time trend for the mean and variance of the yield distribution.

A LRT gatigtic of ¢y = -2[-4721.495-(-4690.946)] = 61.098 strongly rejects the null
hypothess of normdity in the West Texas dryland cotton yidd digribution (HO: gco=0, nto=0) in
favor of the dternative hypothesis that the digtribution is non-normd (Ho: qcot O, meot 0) a the 1%
ggnificance levd. The gngle-paameter test in the full modd suggests that no is individudly
different from zero a the 1% leve, indicaing that the West Texas dryland cotton yied digtribution
is skewed. The positive vaue of the nto parameter eimate implies right-skewness.

The second restricted modd is used to test br mean-trend non-linearity. The null hypothesis

that the second and third degree polynomid trend parameters B and B are jointly equd to zero is
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rgjected a the 1% significance levd (c*(z) = -2[-4719.047-(-4690.946)] = 56.202). The single
parameter tests in the full mode (Table 2) indicate that both B2 and B3 are individudly different
from zero a the 5% leved of Satidicd dgnificance. The third restricted modd is used to test if the
meen and variance of the yield distributions are different across regions. A LRT dtatistic of ¢4y = -
2[-4716.990-(-4690.946)] = 52.088 rgects Ho: Bor=B1r =sor=S1rR=0 vs. Ha &t least one, Bor, BIR,
sorOr sSR! 0, a the 1% ggnificance leve. The sngle-parameter tests in the full modd identify the
intercept shifter in the meaen function (Bor) and the dope shifter in the variance function (S1r) as
individudly significant a the 5% level.

The fourth redtricted modd is used to test if the variance of the yidd digtribution is different
a the fam vs county level. A LRT €% (3 = -2[-4700.543-(-4690.946)] = 16.830) strongly rejects
Ho: so,=s1.=0 vs. Ha a least one, so. or si. * O, a the 1% dggnificance levd. The sngle-
coefficient tests in the full modd, however, fal to rgect the null hypothess that ether of these
parameters is individudly different from zero at the 10% leved. Neverthdess, when siL is excluded
from the full modd, soL becomes datidticdly sgnificant.

The fifth redtricted modd is used to test if the mean and variance of the farm and county
level yidd didributions are affected by the number of acres planted a the fam and county levels,
respectively. A LRT datistic of ¢c%'(4) = -2[-4699.361-(-4690.946)] = 16.83 srongly rejects Ho:
Bar=Bac=sarF=sac=0 vs. Ha a least one, BaFr, Bac, saFor sac?! 0, a the 1% dgnificance levd.
The sngle-parameter tests in the full mode indicate datidticaly significant effects of acreage on the
mean of the county leve didribution and on the variance of the farm leve digtribution.

The full modd implies that a West Texas county that plants 50,000 acres'year above the
region’s average produces 17 Ibs/acre (i.e. 6%) higher yidds. This is congstent with the commonly
held view that the counties that traditionaly grow more cotton tend to have higher yields, perhaps

because they are better suited to produce dryland cotton or because farmers in these counties have
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more widdly adopted superior technologies. According to the full modd, an increase in fam leve
area decreases yied variability, as expected. The parameter so. accounts for the reduction in yield
vaiadility from the samdl famlevd aeas to the much larger county level aress. Differences in
planted acres across counties do not appear to have a substantid effect on yidd variability, i.e, the
higher the level of aggregation, the least the effect of aggregation on yidd vaidbility. This is
condgtent with atigtica theory.

The gxth redricted mode is used to test for time-dependent heteroskedadticity. A LRT
datigic of ¢?(4 = -2[-4696.930-(-4690.946)] = 11.968 regects the null hypothesis of
homoskedadticity with respect to time in favor of the dternative hypothesis of time-dependent
heteroskedadticity a the 2.5% dggnificance level. This means that yidd variance is sysematicaly
changing through time in a least one of the regions. The sngle-coefficient tests indicate that S1r is
datidicdly different from zero but sio0 is not. Yidd varigbility has been decreasing through time in
the Northern Low Plains, but it has remained constant in the Southern High Plains.

The seventh redricted modd in Table 2 is the find modd, formulated consdering the
results of the formerly discussed tests of the full vs. the other sx restricted model specifications and
of the sngle-parameter LRTs in the full modd. It meets two essentid conditions. First, nether any
of the individud parameter redtrictions imposed nor the set of redrictions as a whole is rgected at
the 20% levd of datidicd dgnificance. Second, dl of the remaning parameters are individudly
different from zero at the 5% level, according to sngle-coefficient LRTSs.

The find modd implies separate dryland cotton yied didributions for the Northern High
FPains and Southern Low Plains, which are kurtotic and right skewed and exhibit different variances
a the fam and county levels. The 1975, 1985 and 1995 Northern High Plains didtributions are

smulated usng the find modd and an adgptation of the generd procedures outlined in Ramirez
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(1997). The mean, dandard deviation, skewness and kurtosis coefficients of the smulated
digtributions (n=50,000) are cdculated usng sandard formula (Table 3).

The pdf modd predicts that dryland cotton yields reached a maximum of 267 |bg/acre in the
High Plans and of 318 Ibgacre in the Low Plains, during the mid 80s, and had dightly declined to
about 245 and 296 Ibs/acre, respectively, by 1995. This is consstent with West Texas farmers and
rescarchers  beliefs that cotton yields did not increase during the last decade, and were actually
lower than in the 1980s due to abnormally poor weeather affecting West Texas. A concomitant factor
under bad wesather conditions could be the increased adoption of catastrophic crop insurance
programs. Farmers covered by these programs might have less of an incentive to harvest damaged
crops, thus reducing average yields per planted acre.

The modd indicates that county level yied varigbility was initidly the same in both regions.
Vaiability has remained condant in the Southern High Plains, but it has decreased through time in
the Northern Low Pains. As a reault, the coefficient of variation of the Northern Low Plains yied
digribution has declined substantialy. The standard deviation of the yied didribution is 45 Ibsacre
higher a the farm than a the county leved, in both regions (Figure 5). In 1995, this would represent
a 30-40% difference, depending on the region (Tables 2 and 3).

The kurtoss and skewness coefficients of the estimated yield digtributions are the same by
condruction. The dight differences observed in Table 3 are due to the finite sample sze usad to
smulate the digributions. Their average magnitudes (1.45 and 0.91, respectively) are subgtantid,
and explain the noticesble right skewness of the digtributions (Figures 5 to 7). Yield right skewness
is dso compaible with West Texas farmers and researchers intuition: Dryland cotton production
systems have evolved to produce 100-500 Ibs/acre (300 Ibs/acre, on average), given normd rainfall
conditions of 8-12 inches during the criticd (May-to-August) period of the growing season. Under
severe heat and very low rainfal (4-6 inches) that occurs about once a decade, many farms report

very low or even zero yidds Extremdy favorable temperatures and rainfal amounts of 15-20
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inches occur in certain areas every 20-25 years, resulting in yields of between 600 and 750 |bs/acre.
In other words, the right skewness of the dryland cotton yield digtribution is likely derived from the
right skewness of the ranfdl digribution. In fact, the kurtoss and skewness coefficients of the
1911-1999 Lubbock, Texas, May-to-August rainfal dae® (kurtosis=2.24, skewness=1.07) are
grikingly smilar to those of the smulated dryland cotton yield digribution. Including rainfal as a
factor shifting the mean of the yidd didribution from year to year could result on a conditiond
yidd didribution that is normd. This, however, would be conditiond on prior knowledge of the
amount of rainfdl that would occur in any given year, which is not compatible with the usud risk
anayses gpplications of smulated yield digtributions.

The full norma modd {Rest. (1)} presented in Table 2 can be used to compare the
dmulated yied digributions that would have been obtaned under the assumption of normdity
versus those implied by the nonrnorma pdf modd {Rest. (7)}. Normadlity is rgected at the 1% leve
of daidicd ggnificance when compaing the full nortnorma modd with the full norma modd.
The very high LRT datigtic leading to this rgection (61.098) provides strong evidence that the West
Texas dryland cotton yield digtribution is non-normd.

Although the non-norma modd cannot be consdered the true population modd, it is
certanly more accurate in describing yidds than the norma modd, and can be used to assess the
potential  consequences of ignoring yield non-normdity. Figures 6 and 7 show the smulated 1995
farm and county level yidld digtributions for the Northern Low Pains, according to the norma and
non-norma modds. The modds esimate smilar means and nearly the same dandard deviations at
the farm leve, but the differences in the implied probability distributions are substantia.

At the faam level (Figure 6) the norma modd predicts a 3.6% probability of beow zero
yidds, versus 0.4% by the nontnorma pdf modd (Table 3). The norma modd underestimates the
probability of low to moderately low yields, of between 80 and 280 Ib/acre, by 19.1% (39.2% vs.

46.7%), and it overestimates the probability of moderately high-to-high yidds of between 280 and
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560 Iblacre, by 12.7% (47.1% vs. 41.8%). The probability of extremey high yields, in excess of 560
Ib/acre, predicted by the non-normd pdf model is 57.5% higher (6.3% vs. 4%).

The average eror, obtaned by aggregaing the absolute vaues of the erors in the
probability predictions within smal (40 Ib) intervals is 20.1%. At the county leve, the normd pdf
mode dso underestimates the probability of low to moderately low yields and overestimates the
probability of moderately high to high yidds, and it is particularly inaccurate in predicting the
probability of very high yidds (Figure 7 and Table 3). Using the norma moded as an input for risk
andysswould likdly result in erroneous conclusonsin this case aswell.

Conclusons and Recommendations

This paper regffirms Ramirez's (1997) findings that Corn Belt corn and soybean yields are
non-normaly distributed and substantidly left skewed, usng an expanded data set and addressing
the procedurd issues that have been raised in recent literature. The procedures used here are
preferable to previous methods because they dlow for the testing of dal potentid digtributiond
characteristics (non-linear trends in the means, heteroskedadticity, kurtoss, right or left skewness
and cross-digribution corrdation) in a joint, full informaion context, which is the mogt efficient.
The tests for non-linear trends and heteroskedagticy are conducted while dlowing for any potentia
non-normality, and vice versa, udng the additiond information transmitted through the cross
distribution correlation metrix.

As recognized by the authors of previous dudies, their non-regections do not prove yied
normaity, snce the magnitudes of the type-two errors in ther normdity tests are unknown. In
contrast, here Corn Bet corn and soybean yields are shown to be non-normaly distributed, with a
sndl 25% probability of making an eror in this concluson. The condstency of the results after
adding a dgnificant amount of recent data, and under the origind and an dternative heteroskedastic

Specification, is further evidence to the soundness of the non-normaity concussons.
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The case of West Texas dryland cotton yields further supports the thesis that some crop
yidd digributions are non-norma. The data set for this second andyss is much larger (n=850) and
contains multiple obsarvations per year. This dlows for a rgection of yied normdity a a very high
(grester than 0.001%) level of dHatisticd dgnificance. This case dso illudrates how to use the
proposed procedures to address another issue raised in recent literature - the difference between
fam and aggregate leve yidd variability - without having to assume yidd normdity. As argued
above in more detal, there is no contradiction in the findings of Corn Belt corn and soybean yied
digribution left-skewness and West Texas dryland cotton yield digtribution right skewness. Diverse
non-normdity paterns can result from different critical factors affecting aggregete and farm-leved
yields, depending on the crop, cropping system, and geographical region.

The man recommendetion of this sudy is that ressarchers edimating and smulaing farm,
county, date, regiond or U.S. levd crop yied didributions for policy, market, industry or farm risk
andyds, or for any other purpose, should recognize that they could be nonrnorma, and use
aopropriate  methods avallable for tesing, and for esimaing and Smulating non-norma
digtributions when necessary.

Footnotes

! When assuming mean linearity, homoskedasticity and non-correlation, the null hypothesis of
normdity (Hog-=gs=m=m=0) is dso rgected a the 1% sgnificance leved: The loglikeihood
functions for the norma modd reeches a maximum vaue of —322.75, implying a LRT datistic of
c?) = -2[-322.75-(-310.13)] = 25.23. The null hypothesis of normality is rejected under each of the
restricted non-norma pdf mode specifications presented in Table 1, as wdl, a the 25% levd of
datidticd sgnificance.

2 Assuming that the mean and variance of the rainfal distribution are invariant through time, its

skewness and kurtosis coefficients are estimated by standard formulae.
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Table 1. Paameter edimates for sx different multivariate pdf modd specifications for the Corn

Bdt corn, soybean and whest yield distributiors.

Full Modd  Full Normal Non Homosce Linear Final Mod€
M odel* Correlated dastic Trends

MLV -266.165 -275.605 -280.312 -284.830 -277.478 -269.848
LR 18.881+ 28.295+ 37.331+ 22.626+ 7.366x
Oc 1.1640** . 1.4083 0.6108 0.5265 1.2333**
m -8.4820** . -7.5364 -9.7222 -11.3689 -8.3207**
Bco 48.9749** 45.2794 47.9434 36.5964 44.6256 49.3118**
Bci 0.3309ns 1.6513 0.3503 2.1671 1.9187 .
Bc2 0.1037** 0.0406 0.1124 0.0291 . 0.1224**
Bcs -1.6467** -0.7848 -1.8923 -0.6523 . -1.9665**
sci 6.4191** 3.0001 8.2924 11.6993 4.0833 8.4648* *
sc2 9.5525** 3.1807 8.4697 . 7.1020 9.7336**
Sc3 14.2950* * 8.4016 13.7969 . 12.2738 14.9422**
sca 7.5024* 14.1026 8.7211 . 10.2764 9.7336**
Scs 23.6230** 9.4127 35.1803 . 11.1823 30.7209**
Os 0.4648** . 0.4927 0.6619 0.4272 0.6628**
ns -10.9701** . -10.9913 -1.2647 -11.1328  -10.9786**
By 22.0146** 21.7667 20.9574 20.2606 20.4352 21.7875**
Bs. 0.1246ns 0.1913 0.3669 0.3273 0.4309 .
Bo 0.0149** 0.0121 0.0043 0.0076 . 0.0248**
Bs -0.1943* -0.1550 -0.0703 -0.1040 . -0.3649**
sSs 1.7167** 1.7386 1.6674 1.7474 1.9984 2.6761**
so 0.5574ns -0.0085 0.0661 . -0.0336
s 1.1405ns 0.8888 0.5536 . 0.6878
Su 0.9143ns 2.0716 1.2093 . 0.7716 .
S 2.0385** 0.4836 2.6811 . 1.9791 3.0729**
Bwo  20.2963** 20.1510 19.8743 19.2727 23.8071 19.9706**
Bw1 1.2332** 1.2529 1.3267 1.3079 0.6362 1.3213**
Bw2  -0.0254** -0.0262 -0.0300 -0.0272 . -0.0302**
Bw3 -0.3033* -0.3151 -0.3653 -0.3144 . -0.3711**
SWi 3.6749** 3.7244 3.6221 4.4717 41419 4,1245**
sw2  -1.4983** -1.5586 -1.4869 . -1.8041 -1.9917**
SW3 0.7501ns 0.6987 0.9405 . 0.3266
Sw4 0.5691ns 0.4709 0.5059 : -0.1597 .
SW5 2.8706* 2.8348 3.0740 . 2.6910 2.5682*
res 0.7358** 0.7007 . 0.7283 0.6784 0.7327**
row 0.1387ns 0.1408 . 0.2381 0.1485

rsw 0.1178ns 0.1285 : 0.2055 0.1237
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Notes MLV indicates the maximum value reached by the concentrated log-likdlihood function; LR
indicates the likelihood ratio test statistic computed with respect to the full modd; * and ** indicate
that the parameter is datidticdly different from zero a the 10% and a the 5% leve of Hdidicd
sgnificance, respectively, according to a likelihood ratio test; ns indicates that the parameter is not
different from zero a the 10% levd of sgnificance + indicates that the restricted modd is reected
a the 1% leve of datidtica sgnificance; x indicates that the restricted model can not be rgected a
the 10% level of satisticl significance; * indicates the full modd under the restriction of normdity.

The parameter estimates corresponding to £ (Bcs, Bss and Bw3) are multiplied by 1000.
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Table 2. Parameter estimates for seven pdf models of West Texas dryland cotton yields.

Full Rest. (1) Rest (2) Rest. (3) Rest(4) Rest.(5) Rest.(6) Rest. (7)
M odel Full Linear NoReg. NoLevel NoAcresT.Homos  Final
Normal®  Trend Diff. Effect Effects cedastic M odel
MLV  -4690.946 -4721.495 -4719.047 -4716.990 -4700.543 -4699.361 -4696.930 -4694.669

LR 61.098+ 56.202+ 52.088+ 19.193+ 16.830+ 11.968+ 7.446x
qct 0.2966* * : 0.2934 0.2116 03012 0.2778 0.2910 0.2923**
nct 30.2531** : 29.7856 29.2805 30.1077 30.2835 29.9771 30.1011**
Boo 266.6783** 265.6435 249.0720 273.6648 235.4011 252.2262 284.8195 302.1442**
Bor 95.3106** 92.1551 160.1461 : 92.2608 78.3167 49.8378 50.7793**
Bio -19.0842** -17.1129 -0.1901 -11.6607 -7.8884 -12.4151 -20.5551 -23.8497**
Bir -212%ns  -1.9091 -4.7579 : -2.0407 -2.0053 0.1089 .

B> 2.1444** 1.9141 : 1.6097 14004 16895 20986 2.2932**
B3 -5.6647**  -5.0841 : -45994  -4.2671 -4.7648 -5.3598 -5.7290**
BAE 0.0993ns  0.1097 -0.0128 0.0004  0.0837 : 0.0448 .

BAC 0.3420** 0.3066 0.3581  0.0023  0.3158 : 0.2422  0.3131**
soo 130.9806** 172.6902 173.3662 184.3557 88.6422 156.3592 187.4728 190.8934**
SOR 35.4857ns 36.5598 68.5013 : 33.0098 23.2337 -27.2037 .

so.  -25.9728ns -54.0063 -24.5557 -71.2007 : -44.2818 -37.5010 -45.0094**
S10 6.1280ns 34662 -25795 3.2627 8.6244  4.5327 : .

S1R -3.0792**  -2.6169 -3.9351 : -2.7972  -2.1434 : -1.4115**
S1L -0.7233ns  -0.1265 -0.4042  1.4519 : 0.1701

S2 -0.1480ns -0.1174 0.1312 -0.1579 -0.1928 -0.1377 : .

sar  -0.0989**  -0.1102 -0.1219 -0.0492 -0.0877 : -0.1263 -0.1417**
SAC -0.0078ns -0.0110 0.0885 0.0237 -0.0241 : -0.0789

Notes MLV indicates the maximum value reached by the concentrated log-likelihood function; LR
indicates the likdihood ratio test dtatistic computed with respect to the full modd; * and ** indicate
that the parameter is datidticaly different from zero a the 10% and at the 5% leve of dgnificance,
respectively, according to a likelihood ratio test; ns indicates that the parameter is not different from
zero a the 10% leve of datidica dgnificance + indicates that the restricted mode is regjected at
the 25% level of gatistical sgnificance; x indicates that the restricted model can not be rgjected at
the 10% leve; ! indicates the full mode under the redriction of normdity. The esimate

corresponding to t (Bs) is multiplied by 100.



Table 3. Sdected Satigtics about the estimated/smulated Northern Low Plains and Southern High

Plains 1995, 1985, and 1975 dryland cotton yield distributions.
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Northern Low Plains

Mean | Std. | C.V. | Skew | Kurt <0 80-280 | 280-560 | >560 | A.E.
95/FA/NO | 28458 | 156.89| 0.55| 0.00| 0.01| 0.036 | 0.392 0471 | 0040 | 20.1
O5/FA/NN | 29578 | 15868 | 0.54| 091| 1.49| 0.004 | 0.467 0.418 | 0.063 v

Mean | Sd. | C.V. | Skew | Kurt <0 | 150-275 | 275-450 | >450 | A.E.
95/CO/NO | 284.43| 99.80| 0.35| 0.00| 0.01| 0.002| 0.373 0489 | 0.049 | 15.8
95/CO/NN | 29549 | 112.78| 0.38| 091| 1.49| 0.000 | 0.418 0.424 | 0.094 &
85/CO/NN | 317.76 | 126.98| 040| 090| 144 -- -- -- -- --
75/CO/NN | 283.88 | 141.37| 050| 091| 142| -- -- -- -- --

Southern High Plains
Non-Normal Normal

Mean | Sd. | CV. | Skew | Kurt | Mean | Sd. CV. | Skew | Kurt
95/FA 24522 | 19466 | 0.79| 091| 1.49| 240.22| 185.71| 0.77 0.00 0.01
95/CO 24494 | 148.76 | 0.61| 091| 1.49| 240.08| 128.62| 0.54 0.00 0.01
85/CO 266.98 | 14853 | 056| 090 144| -- -- - -- --
75/CO 23310 14856 | 0.64( 091| 142 -- -- -~ -- --
Notes Mean, Std, CV., Skew and Kurt indicate the mean, standard deviation, coefficient of

vaiation, skewness and kurtoss coefficients of the smulated yied digribution; <O indicates the

edimated probability of less than zero yidds, 80-280 indicates the estimated probability of yidds

between 80 and 280 Ibg/acre, etc.; A.E. indicates the average error in predicting yield probabilities

with the norma digtribution (in percentage terms); FA, CO, NO, and NN sand for fam levd,

county level, norma and non-norma distribution, repectively.




Figure 1: Annual Average Corn Belt Corn Yields (1950-1999)
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Figure 2: Annual Average Corn Belt Soybean Yields (1950-
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Figure 3: Simulated Distributions of 1985 Annual Average
Corn Belt Corn Yields under Normal and Non-Normal
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Figure 4: Simulated Distribution of 1985 Annual Average
Corn Belt Soybean Yields under Normal and Non-Normal
Models
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Figure 5: Simulated Distributions of the West Texas
Northern Low Plains 1985 Dryland Cotton Farm and County
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Figure 6: Simulated Distributions of the West Texas
Northern Low Plains 1995 Dryland Cotton Farm Level
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Figure 7: Simulated Distributions of the West Texas
Northern Low Plains 1995 Dryland Cotton County
Level Yields
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