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EVALUATION AND SELECTION OF WEATHER VARIABLES FOR NRED
YIELD SIMULATION MODEL

1/

‘Bruce W, Strand

Renewed interest in the impacts of weather variations on crop
yields have resulted in the need to incorporate weather variables
in economic models, The proper selection and application of weathér
variables in the Natural Resqurcés Economics Division (NRED)
yield simulation model is the tofic of this paper.

For weather variables to be used in a national yield simulation
model for NRED, they must be selected from the large number of variables

useéd in various yield models based on criteria established by the aims

of NRED yield study group. The criteria for consideration of

weather variables are that they must: a) furnish monthly estimates

i ampmitm—

of a weather index. b) be effective in modeling the impacts of
R O

weather on crop yields for large regions of tﬁe,U.S. to avoid massive

data problems. c) be simple to compute and use. Using the existing

data base, it must be able to be readily computed from existing
data without the use of specialized assistance from climatologists

or agronomists, Historical and cross~sectional monthly weather

data is presently available to NREb. d) be g currently acceptable method

of estimating weather impacts on crop yields,
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Using the criteria outlined above, the weather indexes considered
*
for this project ére: 1) the AE/PE aridity index of Thornthwaite; 2)
the AE-PE index as used by several researchers (the absolute
moisture deficiency index); 3) the Palmer "X" drought index; 4) the
"M" index of Perrin and Heady; 5) estimated soil moisture used
as an index, and the "Z" index used Sy €. Sakamoto. 6) The Blaney-
Criddle formula for comsumptive—use is also discussed, There are a
great number of existant weather/crop models varying in complexity aﬁd
scope, but these indexes were recommended because they can be readily
computed from the available data set. No attempt has been m:de here
* .

to adequately describe even a small fraction of those models,

T have not considered the direct use of temperature and
rainfall data as weather indexes in field equations, Variables
generated f;om meteorological data ha;e repeatedly been shown to be
better estimators of crop yiélds than the direct use of climatological

_ 2/3/
data such as temperature or precipitation,

*AE 1s actual water use, PE is potential maximum water use, Both.
terms will be discussed further, :

or a review of crop-yield models, see: Strand,Bruce,(1975)
"Weather-crop Models: A review and classification of their method-
ologies." FDCD working paper in progress, April,1977. ;
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Table #1 is a table of these methods along with their generalized

formulas and general data requirements.

PLANT-WATER RELATIONSHIPS

The timing and quantity of water available for plant growth

and development is the major factor in controlling plant yields

-/\‘“

for most of the agricultural regions of the U.S. 1In some of
the northern portions oi the U,S., solar energy available for
plant growth énd development as indexed by frost fiee period or
net solar radiation are the limiting constraint; on crop yields,
but for the U.S, as a ﬁholé, the timing and availability of water
for plants is the-most common constraint to crop yields.
Most commonly used weather indexes seek to model and quantify
‘these plant-water—atmosphere relationships but their basic approaches

differ in slight but important ways. The aim of this paper is not

to review and explain the basis of plantawater-zelationship

e ————

modeling, but rather, to compare a few methods and to characterize

each variable. Nevertheless, all the indexes are based on
\'__——-

the concepts of the relationships between moisture demands and

moisture supplies to the plant, and a familiarity with plant-water
: . 5/

relationships would aid in understanding the weather indexes,
* The work of C, Warren Thornthwaite on potential,evapotranspiration‘

(PE) has underlain most modern attempts of assessing plant-water




Variable

TABLE #1

What it represents

source of data

1 + .

.
Al
A

generalized formuala

soil moisture

soil moisture regime
integrates the effects
of rainfall, water in
storage, and depletion .

soil moisture measure-
ments, more commonly,
it is estimated by
using a water-balance
model.

Ds= P~AE+ RO

AE/PE

relative supply of
moisture to moisture
demand. A dimensionless
parameter, value between
1 and O.

estimates of AE and PE AE/PE, where AE=f(PE)
are from a water-balance and PE=f(T, site...)

model,

AE-PE

Absolute deficiency of
water use to water demand

Estimates of AE and PE
are from a water-balance
model,

AE-PE, where AE=f(PE)
and PE=f(T, site...)

Palmer's 2
index

moisture deficiency of
water supply, adjusted
for long-term trend of
moisture supply

Estimates of AE and PE
are from water-balance,
d and k are from temp.
and precip. mean data,

z=dk, where k=(PE+R)/
(P+L), and d=p-p

"M"

adjusted AE-PE formula,
absolute moisture defic
with long term PE mean.

Estimates of AE and PE
from water-balance,
long~-term mean AE/PE
also from water-balance

AE-(AE/PE)PE
where AE=f(PE),
PE=f(t,site...)

Blaney-Criddle

PE adjusted for site
and crop.

Temperature and site
data, Crop coeffic.,

PE= Kf, where K is
crop_coefficient,
f=f(t,sunlight)



relationships, His 1955 publication outlines a proceedure for
computing PE and from this actual evapotranspiration (AE) using
. . 6/

monthly or daily temperature and precipitation data in a budgetary

proceedure of calculating additions and depletions to soil moisture.
AE/PE RATIO

- The ratio of AE to PE expresses the ratio of actual water use’

———

to potential maximum water use, - If water is plentiful, actual

water use (AE) will equal the potential water use (PE) and the AE/PE

index will equal 1. This represents a condition of no moisture

L .

stress, At other times_when moisture supply falls short of moisture
(L demand, the indexes will have a value:less than 1. It is possible
under some situations for AE to be zé;o when PE is greater than
zero, Plant life stops.* .
Researchers using mdnth}y and daily‘estimates of the ratio of
' AE to PE as Qell as the differénce between AE and PE have had some

success in relating this index to final crop yields in regression
equations., Yao (1968)l/u$ed’the AE/PE ratio to assess the climatic
limits to_growth in Chiné and'crop successgén Africa ., Fitzpatirck
and Nixg/have shown AE/PE to be éffectiye in modeling Australian wheat
: yields, Bridgig/used AE/PE to model wheat yields in the northern

Great Plains. This researcher has related AE/PE values to corn yields

in France, Mexico and Argentina,
i * .

This excludes the special case of plants which store water in
( L their tissues for later use, such as some desert plants,




AE-PE
An alternative formulation of a moisture stress index is AE-PE.
The index AE-PE exprésses the absolute shortfall of moisture supply

SN——
to moisture demand. Thus if water is plentiful, AE will equal PE and

Vi —
P

the term will equal zero, With decreasing moisture supply, the term

becomes negative, This index has the advantage of being bounded on
one side only and of having a counterpart in the physics of plants.
In contrast, the AE/PE ratio -can only range from an undefined

(AE=0,PE/0) or zero, to 1. (AE=PE), In regression analysis, AE~PE

is to be perfered to AE/PE because of the problem of scale. Variables

with a range of values close to the scale of values of the dependent
variable (i.e.,yields) are better in fegression equations,
Yields as the most common dependent variable used iﬂ weather~crop
equations and they will have values far.larger that the AE/PE
ratio which leads to large coefficients in the regression equations,
Albrecht%l/iﬁ a study of Mis;oﬁri valley crop production found
the variables AE/PE and AE-PE to be equally effeqtive in "explain-
ing" variations in crop yields, |

Two other weather indexes that are closely related to the indexes
AE/PE and—AEjPE are Palmers' drought index and Perrins and Heady's
"M" index. Palmers' drought index,"xﬁ u;es the Thornthwaite water
balance procedure to estimate weather variables and to create long-
ferm mean valués~for this weather variable, Through a series of

manipulations involving long-term mean values for potential evapo-

transpiration (PE) and rainfall (P) Palmer gengrated'monthly
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depérturgs of rainfall and temperature from the "climatically
appropriate" values., His drought index considers drought duration,
and weights the different monthly contributions to drought.

Perrin and Heady (1975) in a modeling of U.S, Wheat yields
use an index they call "M" which they derived from Palmers' work.
Their "M" index is: M = AE ~ ( LtAE/LtPE) * PE , where LtAE and LtPE
are the long-term averages for AE and PE. They found this index to be
superior to AE-PE , AE/PE or SoiI Moisture estimates when used in a

regression equation to predict wheat yields,

SOIL MOISTURE

The use of estimated soil moisture as a variable in weather-crop
. , 12,13/

yield regressions has been shown useful in a number of studies,

In locations where stored soil moisture plays a dominant role in

crop yields, this variable is especially useful in yield equations.

Russian spring wheat yields have been clsoely assocatied with moisture

14/
stored in the soil at the beginning of the growing season,

BLANEY-CRIDDLE

Blaney and Criddle (1950) developed a method for estimating
: 15/
consumptive-use (PE) by various crops for the western U.S.  Their

estimates require temperature and daytiﬁe hours data as well as
an emperical PE coefficient that depends on the type and location of
the crop. USDA/SRS Technical Release No.2l contains most of the

— —167
basic elements necessary to estimate comsumptive use, While this
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( method is primarily designed to aid irrigation plamners, adaption
of its use for a weather index should be possible. An obvious
shortcomming is that the model is both site and crop specific.

Extending site estimates of PE for large areas presents problems.

SPATIAL VARIATIONS

Any attempt to select a single best weather index applicable

for the entire US, will probably fail. Crop/weather relationships

‘are not consistant through out the entire U,S, The humid East is
. agriculturally different from the arid west. The'South grows crops
which vary considerably from those in the northérn states., With ~
these regional crop,differences and weather differences go different
<~/ crop-yield/ weather relationships, and the same weather variable may
not be suited to model all these different situatioms, WilliamélZ/
in a study of variations in weather-crop relationships in Canada
found that in th; drier regions of Canada, oniy one weather variable
was necessar& to account for 40% of yield variance. In
the more humid regions, at least three weather variables were
necessary te predict variations in yields. His resglts would argue
for different weather crop models in various regions across the
countfy.-
An imporfant distinction must be madebin modeling western irrigated
agriculture from rainfed agriculture in the humid east, Irrigation |

removes most of the effect of severe moisture stress in reducing

crop yields, For this reason, weather indexes which incorporate

-l e ——
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moisture stress in modeling are of little use in the irrigated areas
of the west, .In addition, irrigated fields are often subjected to
abnormal energy exchanges due to their wettness. Most irrigation is
practiced in arid or semi-arid regions where a large fraction of the
sunlight that reaches the ground are used to heat the air. This hot
air, when passing over an irrigated field, tends to evaporate water
at a rate higher than would normally be expected from estimates
derived from temperature and sunlight d#ta. For this reason,
special formulas have been created to account for the excessive

heat loads and abnormally high rates of AE in irrigation piots.

Weather variables based on the Qater balance fofmula are not

well suited for modeling crop yields in irrigated areas. Thornthwaite

_derived his formulas for PE from watershed data and did not provide

for the higher rates of heat transfer found in irrigated areas,

The reverse is not true. Comparisons of the various methods of
estimating PE show that Blaney-Criddle method estimates which are
designed fdr use in irrigated regions fit the climate in the humid

.18/
East very well,

- COMPARISON OF METHODS

There have been several comparison of weather-crop indexes for
A . .

specialized areas in the world, but no direct comparisons for all

the models. A logical first step in comparing the weather variables
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indexes 1is to review comparisons of.the components of those
variables.

McGuiness and Bordne (1973) in a comparison of various esti-
mates of PE which is used in all weather indexes against a "standard"
lysimeter measurement of PE in North central Ohio discovered that
of the methods using only temperature.as.an imput in their estimates
of PE, the Blaney-Criddles method gave the closest fit to the "standard"
curve as compared with Thornthwaite and Barmon and Papadakis methodé%g/

Inspecfion of the results of McGuinness and Bordne showed that
the Blaney-Criddle, Jensen-Haise, Christensen, Penman, vanAﬁavel and
Pan evaporation methods all gave estimates within 10X of the
"standard" curve. (p.18). Thus any of these formulations of PE
used iﬁ a weather index would be equally effective in the humid
East,

A different situation occurs in thé irrigated lands of the
western U,S, In a comparison of v;ribus comsumptive-use formulas
for western irrigation regions, Cruff and Thompsoﬁgg/ concluded
that for arid regions, the Blaney-Criddle method was the most
practical of the six methods for estimating PE. It should be noted
that they‘used adjusted pan evaporation as their "standard", one
which McGuinness & Bordne found did not work wéll in the East, ‘In
addition, because of the specialized crop coefficients used by the

Blaney-Criddle formula, this method should give better results.

If the other methods used are adjusted for crop specific conditions,
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they should also give comparable results, although this test has

not been done.

M vs. “Z" INDEX

A comparison of the basic weather indexes based on relative
ratings by agromonists and climatologists pro@ucg differing rankings
in the effectiveness of weather indexes in predicting crop yields..
Droest and Shaw concluded that Palmet;' index was not as useful
as the direct use of AE and PE estimates from the Palmer proced-

21/ 22/
. Sakamoto  in modeling

ure in modeling U.S. corn yields
Aus;ralian and Argedtine_wheat yields concluded that- Palmers'
index, together with temperatuare dgp;rtures explained more of the
yield variations than using either AE)PE or soil moisture in
estimating wheat yields. Perrin and Heady Eé/in a review of U.S,
corn yields concluded that their "M" indéx was also better than
either AE-PE or Soil Moisture in estimating corn yields,

As mentioned before, the "M" index is really the AE-PE index
which is then adjusted to account for "av;rége" moisture stress in
a given period. Sakamotd, utilizing P.almersl~ "Z" index together
with the temperature anomaly is accounting for "average" temperature.
His model of Argentine wheat yields qéilizes dummy variables to account
for sudden events such as climatic, political, or economic events

that affect crop-yields as well as temperature departure and

temperature departure squared. and precipitation departure all in
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this multiple linear regression equation of wheat yields.
Sakamoto's report~also uses dummy variables to represent occassiounal
or rare events, and the selection or modeling of a crop-weather

relationship based on the specific crop conditions of an area.

SUGGESTED METHODOLOGY FOR CREATING WEATBER-CROP/YIELD EQUATIONS

The methods mentioned here bave a commoﬁ logical basis in
tﬁe formulation of the weather crop-yield models. Because weather
impacts on crop yields in different ways, crop yield equations must
if ﬁossible be adapted to suit the crop. For example, corn yields
are most sensitive to moisture stress during the grain fillingl
pefiod. In contrast, winter wheat yiélds in dry climates such as
steppe regions, are closely related to the amount of soil moisture
in the sprihg available for plant growth..

In general, a weather/crop yield ﬁodel that models the climatic
and technolbgical factors effeéting it Qill be successful, Sufficient
research by agronomists on the ervironmental con§tfaints of plant
growth have been done to offer suggested ﬁodels of crop growth and
yields for most crops. A modeling prdcess that selects those

climatic and technological variables based in part on agronomic

‘research and in part on technical/economic /political comsiderat-

ations is probably the best method available,
With these points in mind, two examples are given of the
proceedure used by the author to create weather-—crop/yield equations.

In the first example, national Argentine wheat .yields are predicted
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usiﬂg climatic variables generated by the Thornthwaite water-
balance porceeduré for the Rosario, Argentina area. Table#2 is

a listing of the weather variables initially found to correlate
well with wheat yields, A listing and explaination of those
variables can be found in the Appendix. These are not all the
variables that correlated well with yields, but rather a selection
of those variables that seemed logically correct for the crop and
gsite studied.

With each subsequent equation, the climate variables with the
lowest "t" statistic was removed and the equation rerun wiéh the
remaining variables; This selection procedure was continued untill
all the remaining-variables in the yield equation were significant
at the 90% confidence level., Equation f8 is an example of this,

In cases where two variables had "t" statistics which were very close

or where highly correlateﬁ with each other, avcorreiation matrix

was generated with the remaining variables compareé‘with the variable
with the highest "t" statistic iﬁ the equation. "The two variables
w;re then compared agianst tﬁe most s?gnificant variable in the
eéuation.. Thét varible with tﬁe lowest corrélation was retained with
the assumption that the intercor;elation would bée less., In the
example of A?gentine wheat presented here, the two variables, RS

and S5 being highly intercorrelated, were selected based on thier

correlation wi;ﬁ ACTET5, the highest "t" variable in the equation.
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ARGENTINE WEATHER-WHEAT ‘YIELD EQUATIONS (COEFFICIENTS)
. . %*

VARTABLE #1 #2 #3 4 #5 #6 #7 #8 #9 #10
#C 5957 6231 7021 7582 8115 8453 7346 8741 984 853
ACTETS 1.3 11.7  12.6  12.4  12.8  12.4 12,2 15,9 10.3  12.1
FPE3 2,07 2,11 217 12,25 2,32 2.54 2.6l 275 2.88 2.9
M2 =7.06 =7.25 =7.26 =6.45 =6.64 =6.84 fé.aa  =4.66 =6.08 =6,12
SNT -5.39 =5.36 =5.23 =5.30 =6,12 -5.46 =301 =3,27 -3.92  -4.22
§5 99.1 102.3 113.3 118.8 125.5 120.9 102.2  116.4 6.26  —mmn
RS -6420 -6669 =-7467 ~-7833 . -8359 -8094 '-5952.~_ ~8235 wm==  mee-

© SAES 2,42 2.46 2,59 2.41 2,26 2,23 2,01 s
SM8 RTERT 4.48 3,67 3,61 2,58 —
TREND ©15.1 14,3 13.6  10.5  9.31 ——— e e —— -
R7 =517.9 ~503.9 =513.9 ~-117.4 ——- .
ACTET? 4,08 3.84 3.57 ——— -
SM10 0.865 0,709 ==—=  =mm=  mme= mmem e —— -
sMl -0.347 -——- |

2 - .
R 0.83  0.83 0.83  0.82 0,82  0.51" 0.80  0.76  0.69 0.67

S.E.E. 118 114 109 107 105 111 121

121

e =1
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- The same procedure was followed in creéting Argentine weather
corn yield equations, Table #3 is a listing of the weather equations
ané the weather variables and coefficients that were initially found
to ;orrelate well with corn yields. Here again, seven weather variables
were removed from the initial equatioh in the same step-wise manner
as in the wheat yield equations. Significantly ﬁigher r2's were
obtained because of the effect of good correiatién of a trend variable
with the corn yields,

CONCLUSIONS

This review of large scale weather-crop yield equatiéns
applicable to NRED use suggests that:.A) there is a common hydro-
logical basis for all these weather—-crop yield models and that these
basic methods have been compared in litgrature. In addition, B)
Procedures used to incorporate these basié hydrolégical varaibles
tend to follow logical séquencgs which can be proje;ted to almost
aﬁy area which NRED seeks yield estimates,

In regards to the Palmer in&ex methods of Perrin and of
S;kamoto, a comparison of thése two mgthods‘has not been done
bﬁt questions'arrise as to botﬁ their utilities. Because of
the availability of the Palmer d;oughg index data on magnetic
tape for computer use for this project, a methodology based on

either of these two indexes or a proceedure suggested by these

proceédures shpﬁld be employed.
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All variables singificant at 95% confidence level.

. 7 \ N
ARGENTINE WEATHER-CORN YIELD E IONS (COEFFICIENTS)
. . *
~ Variables #1 #2 #3 #4 #5 #6 #7 #8 #9 £#10
#c 84.63 83.56 80.82 82.15 73,05 66.49 67.85 8,504 5.527 7.864
ACTET6 1969 .1975 1991 ,1958 .2000 .2052 .1916 L1906 L1918 L1712 -
FERT .0996 0983 .0961 ,0961 ,0902 .0910 .0943 .0989 .1010 .0842
ACTET10 2.0727 =.0737 =+074]1 =.0779 =.0771 —.0746 —.0682 =,0648 -,0672 -.0756
PPE3 -.0282 -.0279 -.0275 -,0271 -,0247 -,0242 -.0252 -,0239 -,0233 ---=-
RS ~79.28 =77.76 -75.10 ~76.06 ~66.89 -60.40 ~62.11 =3.056
S5 1.118 1,093 1,046 1.058 ,9158 ,8205 .8302
SM1 -.0463 =-.0473 =.0473 -,0493 -,0206 ~.0228
SM7 .0089  .0106 .0181 .0182 .0126
SM2 0333 ,0352 .0350 0371
 PPE9 ©_.0014" =.0011 =,0012
SM8 .,0103 0081
SAES .0021
, .
R 955  .954 954 953  .948  .944  .939 918 .914 .822
S.E.E. 1.169 1.095 1.036 .993 1,001 .992 ,993 1,112 1,099 1,531
*

- 91
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, 24/
In conclusion, Lowrey in a review of crop-yield/weather

modgls suggested that.no really universal model is possible

because of the great diversity of crops and cultural practices

in the world as well as the diversity of crop-climate interactions,
With this in mind, the use of dummy variables.to represent "steps"
in the time-series yield equations, and the selection of appropriate
céefficients based on probable physiological responses to local
climates appears to be a logical choice in weather-crop modeling

methodology.'
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VARIABLE NAMES AND DEFINITIONS

-

#C ° Regression constant furnished by the computer program

ACTET5, Actual evapotranspiration in the 5th,6th, and 10th month,
6,10 ( November, December and April)

) PPE3,9 lefetence between rainfall (P) and PE in the 3rd and 9th
i month. ( September, March)

4#5 AE/PE for November
g o 85 AE-PE for November
§M1,2;. Soil moisture for July, August,.?.
N SAE5 Su;med AE for months 1-5, July through November
FERT National fertilizer consumption (Nitrpgeneous) for Agrentina

TREND Time variable, 1955=55,1956= 56....1961 61, 1962=61...,1970= 61,
1971-62,-00
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