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ABSTRACT

Phenological data as reported-at the crop reporting district (CRD) 1level,
and environmental data from the National Climatological Center appear to be
viable sources of information for use in development and testing of an ad-
Justable crop calendar model for winter wheat. These data were utilized for
this study, in which generalized least squares techniques were applied for
parameter estimation of functions to predict winter wheat phenological stage,
with environmental values as independent variasbles. The independent variables
investigated included daily maximum temperature (Tx)’ daily minimum tempera-
ture (Tm), daily daylength (DL)’ and daily precipitation (Pr)'

After parameter estimation, tests were conducted using independent data.
From these tests, it may generally bé concluded that exponential funchions
have little advantage over polynomials. Precipitation was not found to signi-
ficantly affect the fits. The Robertson "triquadratic" form, in general use
for spring wheat, was found to yield good results, particularly for the
emerge—innt interval, but speéial techniques and care are required for its
use. In most jinstances, equaticns with nonlinear effects were found to
yield erratic results when utilized with averaged daily environmental values
as independent variables.

The particular combination of growth rate functions recommended, within
the various phenological intervals is:

Plant-Emerges: R = 0.087870 - 0.000L5898 ?M

ii




Emerge-Joint:

Joint-Head:

Head-Soft Dough:

Soft Dough-Ripe:

Variance propagation studies indicate that the resulis odb

functio

R = 0.07178h (D, - 0.2796) *
((4.6869 x 107") (1, + 2.3876) -
(4.6618 x 10"6)('1'x + 2.3976)% +
(2,3943 x 10"")(Tx + 2.3876) +
(1.7055 x 1077) (1, + 2.3876)%)
R = exp {-6.22319 + 0.12008 T
+1.0337 (D ~12) - 0.038591 Ty (p, - 12)}
R = 0,037980 + 0.0061145 T,

R = exp {~17.6837 + 0.53654 T
+ 0,33366 Ty * 2.6105 (D - 12)
-0.0080340 T, ~ 0.011k46 7,

~0.k5khL (D = 12)°1}.
tained utilizing these

ns are consistent with the statistical uncertainties asgsociated with the

data used for parameter estimation and testing.
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INTRODUCTION

The Large Area Crop Inventory Experiment (LACIE) utilizes winter wheat
crop calendar, or biometeoroliogical time scale, information in several ways.
Among these, analyst interpreters use the information in training field
selection and other researchers use the information in yield modeling efforts,

To date the needed winter wheat crop calendar information as been pro-
vided in one of three ways, In the first, historical records are used to com-
pute an average date at which the crop will reach a specific stage, A
"spread", computed statistically from the data, is included to account for
yearly variations. 1In the second, functions found by Robertson (l)* are
modified for use in winter wheat, These modifications are necessary be-
cause the Robertson's model was generated for spring wheat in the Canadian
prairie provinces. The most commonly used procedure used to modify the
Robertson's model has been to calculate "multipliers" for winter wheat (4),
A third technique (5) utilizes the "normal" winter wheat crop calendar,
modified for "location specific" effects, as indicated by long term tempera-
ture averages.

These techniques suffer from serious limitations. In the first,
variations in planting dates, and the large variations inherent whel aver-
aging over many years, means that considerable uncertainties result in the
egtimated dates. TFor the second, it must be emphasized that Robertson's

r

model was generated for spring wheat, whose growth environment differs

*Numbers in parentheses throughout this report refer to the reference list in

the back.
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considerable from that of winter wheat. Spring wheat temperatures in pgeneral
are on the rise throughout the growth and ripening of the crop. DIaylengths
in general increase during emergence and subsequently decrease. Winter wheat.
on the other hand, is planted and emerges during a period of declining temper-
atures and daylengths, undergoes a long winter dormancy period, and then
completes its growth under conditions of increasing temperature and daylengths
after spring greenup. The third technique yields good results, but does not
yield a universal model applicable at locations worldwide, being dependent
upon long term temperature records.

For these reasons it was felt'desirable to seek an acceptable crop
calendar for winter wheat specifically, based upon rhenological reports, in
which weather and environmental varisbles could be used to predict winter
wheat growth stages. This was the overall goal of the research conducted.
With this goal in mind the following research objectives were formulated:

a. to define data sources which may be utilized in the formula-

_tion of such a model; )

b. to generate compufer programs which may be used to investigate

various mathematical model;

¢. to identify functional forms which are appropriate for des-~

cribving winter wheat growth stages;

d: to obtain relisble estimates of parameters for these func-.

tions, and variance estimates of these parameters;

e. to identify and investigate auxilliary problem areas, such as

winter dormancy criteria;

f. to test the parameter estimates obtained using independent -

data sets; and
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g. to perform variance propagation studies to assess expected

variations in applying the models, and compare these with
variations realized during testing.

In the first phase of the investigation (6), activity was centered upon
gathering phenological and meteorologii:al data at the Crop Reporting District
(CRD) level, reduction and editing of iiL's data, and application of generalized
least squares techniques for parameter estimation. Evaluation of the resulting
functions was limited to statistical testing of residur?- md variances of
residuals resulting from the least squares estimation procedure,

During the second stage of the investigation, increased data were gathered
and utilized in the parameter estimation programs, test programs were gen-
erated and data produced for use in tﬁese, and variance propagation studies

were conducted.

FUNCTION ESTIMATION
The objective of the modeling process was to obtain a relationship pre-
dicting éhenological stage numbers as a function of environmental variables,
The phenological stages and the associated stage numbers used in this study

are as follows:

Stage Number
Planting 0
Emergence 1
Jointing 2
Heading 3
Soft-Dough - N
Ripe 5
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L
The environmental variables selected were the same as those used by
Rovertson (1). These variables are daily maximum temperature, daily minimum
temperature, and daylength, used to represent photoperiod. In addition,
precipitation was investigated as a possible independent variable, in an

attempt to assess the possible importance of moisture in such a model.

Data Bources

Phenological data at the Crop Reporting District (CRD) level were used
in this study. Depicted in Figure 1 are the crop reporting districts used
in the United States. Historical data from some Great Plains, Midwest, and
Rocky Mountain states were obtained from NASA's Johnson Space Center, Earth
Observations Division. Data were gaﬁhered and included in the data sets for
least squares parameter estimation. A summary of the number of location-

years included for each stage is shown:

Stage Location-Years
Plant-Emerge (0-1) 37
Emerge-Joint (1-2) 53
Joint-Head (2-3) 79
Head-Soft Dough (3-4) 65
Soft Dough-Ripe (4-5) 62

For each location-year of data, meteorological data were averaged from several
stations within the crop reporting district., Specific location-years used in
the least squares program are summarized in Table 1, The dates used for
modgling were the 50%, or median dates, converted to Julian Day Numbers, at
which the crop reached each stage. Table 2 shows a typical report of the
dates at which the crop reached each stage for a single year in one state., It
should be noted that, throughout the United States, there exists a great

variablility as to winter wheat phenology reporting. As may be seen from
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Stage
0=-1

. Idaho

DG

Summary of Location Years Used
For Least Squares Parameter Estimation

State

Colorado

Idaho

Oklahoma”

Colorado

Idaho3

Montana*‘2’3

North Dakota*’2

Oklahoma

Colorado

3

Kansas

Montana3

North Dakota

Oklahoma

Table 1

Crop Year

1972
1975

1975

1965
1966
1971

1972
197k

1975

1971
1972

1970
1971
197k

1965
1966
1970

1972
197k

1973
1975

1964
1965
1968

1971
1972

1970
1971
197h

1965
1966
1969
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Stage
3-4

*Data included only for winter dormancy through spring greenup.

1.)
2.)
3.)

State
Colorado

Idaho

Kansas

Missouri
Montana
Oklahoma

Colorado

Idaho

Kansas

Missouri

Montana

"Acceptable Stand" reported.
Emergence not reported.

"Boot" reported. Jointing estimated by interpolation.

T

Table 1

(Continued)

Crop Year
1974

1973
1975

196k
1965
1966
1968

1970
1972

1971
1972

1965
1969

1972

1973
1975

1964
1965
1966
1968
1969
1974

1970
1972

1971
1972
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Table 1, few states report all the phenological stages, and several report
stages which differ from the sctandard stages. For example, Oklshoma reports
"acceptable stand" rather than emergence, and both Idaho and Montana report
"boot" rather than Jointing.

As independent variables, values of daily maximum and minimum temperature,
daily precipitation, and daylength may be used. Values for temperatures and
precipitation are available on a daily basis from the National Climatological
Center, NOAA, Asheville, North Caroliosn. Records were obtained for the states
and years for which phenological data were available., Tables 3 and } show
typical listings of temperatures and precipitation, respectively, as reported
by the National Climatological Center, The value of daylength may be cal-
culated as a function of latitude and Julian Day Number. The empirical .qua-
tion obtained by Stuff (2) was used for this purpose in this investigation in
whish a tangent function is utilized for latitudes less than h0°. and a

tangent-squared function for latitudes above Lo°,

Functional Forms

miese data were used in general least squares procedures to estimate

parameters for functions of the form

Ao

R =23

X
by " 1
q.l) Eq

in which R represents daily 7 owth rate, H represents a vector of parameters,

variable with the model chosen, estimated through the generalized least squares
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algorithm, and X represents the vector of independent variables chosen, in this

case,

t
X [Ty Ty Py Py
u,l XML r

1]

where, T daily maximum temperature in °c..

daily minimum temperature in °C.,

3
]

i
u

daylength (representing photoperiod) in hours,

o
1]

daily precipitation in millimeters,
The specific functional forms selected were of three classes. The first

was a polynomial of the form

R=Hy + HyTy + HoTy + H) (D -12) + H.P,

P]

+ HGTXQ + HTTMQ + Hg(D -12

2 2
Y© o+ ngr

Eq. 2

+ HlOTX(DL-la) 4+ HilTM(DL-le) + HlQPr(DL—lQ)

+H JTWT 4 H DR+ 1) TP

The second functional form investigated was the exponential

R = exp (Hl + H Ty + HoT + Hu(DL-le) + H.P

5

2 2 2
TTM Y+ H Pr

2,
+
H6TX + i 9

+;H8(DL—12
Eq. 3
+ HloTx(DL-la) + HllTM(DL—la) + HlaPr(DL-le)

+ HlBTXTM + thTxPr + ulSTMPr).
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For these functions, several cases were run using computer propgrams

generated during the first phase of the contract, in which varicus subsets of

the equations were chosen. In all cases, terms containing daylength (DL)

were omitted for stage 0-1,

The third functional form investigated was tha "Robertson model” (1), of

the form

R = {H,(D, - H, )

+ Hy(Dp - Hl)e} - {H5(Ty - H))

+ Hg (Tx - Hh)2 + H (TM - Hh) + HB(TM - Hh)e}

T

Eq.

for all stages except the plant-emerge interval. For this stage, a function

of the form

- 2 L] -
R = {HQ(Pr - Hl) + H3(Pr - Hl) } {H5(mX Hh>

+ Hgry - B)% + BTy = ) + Hg(Ty - #,)%)

was chosen,

Least Squares Techniques

Eq.

For this investigation parameters for the above functions were estimated

using the general constrained minimum least squares approach as published

by Mikhail (3). The method, called "Simultaneous adjustment of observations

and parameters," allows maximum flexibility for investigations of alternate

functional forms and provides an extemely powerful tool for determining

parameters of these functions and estimating variances of the parameters

4

5




1h
obtained. The following discussion provides a dbrief summary of the techninue,
For a more detailed discussion, the reader is referred to Mikhail (3).

Civen a vector of n original observations

t

o]
X0 ey X ..x]
I [l 2 n Eq. 6
and a set of condition equations of the fowm

r,1'u,l n,l r,1l

In which there are r equations, X is the vector of n adjusted observations,
H is the vector of u parameters to be estimated, and $ is the null vector,

then the following may be stated,

Since, in general, these equations will be nonlinear, a Taylor's series

approximation may be written as

ALY , B A _ F°
r,nn,l r,uu,l r,l . Fq. 8
in which
oF OF
A= X —}io’z(-o B = TH 1°, x° . Bq. 9

are the Jacobian matrices of the functions with respect to the observations
and parameters, respectively, and evaluated at observed values and parameter

estimates, Further,

¥° o 0
;‘:’i'=—§‘_(§ X) Eq. 10
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is the evaluation of the functions with observed values and parameter
estimates, V is the vector of residnals to be applied to the observed
quantities, and A is the vector of ccrrections to be applied to the

parameters,

The solution proceeds using the least squares condition in which

t
P S & Bq. 11
’

is to be minimized. P is the weight matrix of the original observed data.

If a priori estimates of variance are known, then

-1
5,0
P _ 'L
n,n  u,n Eq. 12
in which §L° is the a priori variance/covariance matrix of the observed

quantities, If this variance/covariance matvix is unknown, then P represents

some assumed weight matrix, and may be written as
-1 .
P = Q%o w Eq. 13

in which QLO represents some assumed cofactor matrix of relative variances
and covariances. Since, in general, the A Jacobian matrix in Equation 8 will
not be square, and hence, the linearized condition equations cannot be soived
directly for the residuals and substituted into the least squares condition
of Equation 11, the more general method of constrained minimum is used. 1In

this method, a vector of r Lagrangian multipliers is defined,
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K = [kl,kg,...kr]t. Eq. 1k

Then, the following scalar is minimized rather than 1l.

o=y pv-aiav+na-r) Eq. 15

— -—L -— —

Minimizing by taking partials of this scalar with respect ot the observations
and parameters and augmenting with the original linearized condition equa-

tions resulting in the following total set of normal equations:

" p oAt o 1 [ v ¢ ]
N, N,y n,u n,l n,l
A ¢ B K, F° |
r,i r,r r,u r,1 = r,l + Eq. 16
$ B ¢ A ¢
| u,n u,r u,u | L“’l i _u,l e

This set may be solyed by partiticiing with the following results

-1
A__N T
u,l  u,u u,l Eq. 17

K, = (AQod) (-BA+E) 'Eq. 18

Y. = Q‘LO & 'K‘L Eq. 19
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|
N t ty=1
e = [B (l_\_ 9‘L° A ) B] Eq. 20 j
|
1;
Tt ty=10
u,1 g. (.‘9.’.- O .‘5. ) -F: * Eq. 21

These equations are solved in an iterative manner until con&ergence.

After convergence, the reference variance may be computed by

, ¥ry
S0 * “7u . Ea, 22

Variance propagation techniques may be used to show that (3),

ane 2 -l p
S, =8, X Eq. 23 |

yields an estimate of the a posteriori variance/covariance matrix for the

parameters.

The reference variance si represents a measure of the "goodness" of the
fit, and may be used in F tests to determine the statistical significance in
adding or deleting terms from the functional form under investigation, or

in comparing different functional forms.

For the problem at hand the function of Equation 1, formulated in terms

of Equation 7, would be for each data point

F=R- f(H,X) =0 Eq. 2k
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in which r = 1, n = 5, and u would depend upon the number of parameters
required for the functional.form selected. For the case using the general

least squares procedure,

X t

u .

t
w1 ] Eq. 26

. [hl,ha....h

IMPLEMENTATION
Efforts were made to formulate and execute a data reduction system sub-
Ject to the constraints of the data forms available and consistent with the
data requirements for application of the least squares techniques discussed in
the previous section. Computer programs were written for the polynomial and
exponential function forms using both the variation of pagameters and the more
general least squares techniques. Special techniques were required in treating

the Robertson model.

Data Reduction and Preparation

Although the objective of the research was to model daily growth rates, R,

as functions of environmental variables, no data could be obtained for growth
rate on a daily basis. As may be seen from Table 2, phenological data re-
ported consisted at best of dates at which the ecrop reached each phenologi-
cal stage, With this data, only an average growth rate could be computed,

of the form of
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in which n = the number of days in the i-th phenological interval for the
location/year. This average growth rate represents an average, not only

over the time period for the interval, but also a spatial average for the crop
over the geographic region representing the crop reporting district,

Environmental data were available on a daily basis. However, it would be
inconsistent to apply daily environmental data in the least squares modeling
process when only averaged growth rates were available. Therefore, in order
to supply environmental data consistent with the growth rates available, the
following pre-processing steps were performed,

First, within each crop reporting district several meteorological re-
porting stations were selected, Up to five stations were used. Temperature
and precipitation data were recorded for each station on a daily basis through—
out the reported phenological stage interval from the cliq?tological records.
Table 5 represents a typical data reduction form used for this purpose.

This information was keypunched onto cards and input into a data re-
duction program. This program computes the average position of the crop
reporting district (latitude, longitude, elevation) and the associated
statistics, converts the meteorological data from English to SI units,
averages meteorological values (TX,TM,Pr) for the location/year, and computes
the associated variances. A listing of this data reduction program with
output from a typical run is shown in (6), For all of the phenological inter-
vals, with the exception of the emerge-joint interval, the results for each

location/year would be a single data point for input into the least squares

’

Eq. 27
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program, containing averaged prowth rate, maximum temperature, minimum temper-
ature, daylength, precipitation, aond positional information for that location/

yeuar,

Winter Dormancy and Spring Greenup

Special considerations were necessary for the emergy-joint interval.
Because this intervel stretches over the long winter dormancy period, no
single averaged growth rate value could be considered to reasonably repre-
sent the entire interval, For the growth rates the interval was broken into
three sections, as depicted in Figure 2, A fall emerge-dcrmant period must
be defined. The crop is then assumed to have completed one half of its inter-

val growth in this period, and a growth rate of

o
\S4]

Bq. 28

=
=

U
]

was assigned for this period. Over the winter dormancy period, ND, a growth
rate of zero was assumed. Lastly, a spring greenup-joint interval is defined,

and a second average giowth rate computed as
R, = 22, Bq. 29
NJ

These rates, and the environmental data averaged on a monthly basis were used
to define several data points for each locstion year in this interval,
Therefore, it was found necessary to define some criteria for winter and

spring. For this purpose, a temperature criterion was selected in an attempt
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to predict the onset of winter and spring. Orowth rates and temperatures used
Tor stage 1-2 in the least squares programs were input to the Cate-Liebig (7)
critical level analyais program. Figures 3 and 4 represent plots of growth
rate versus temperature for the winter and spring runs, respectively. Criti-
cal levels computed by the algorithm were 4.69°C. (40.4°F,) for the onset of
winter dormancy, and 6.14°C. (43.1°F.) for subsequent spring greenup,

Therefore, for winter, the criterion that 10 days of average temperature
belaw’b.69°C. was used. TFor spring greenup, the criterion of 10 days above

6.14°C. was used.

Computer Runs

The functional Torms of Equations 2 and 3 were programmed for parameter
estimation using the generalized least squares algerithms, A 1listing of this
program, with typical output i1s shown in (6). For the investigation, func-
tional forms were selected and computer runs made using selected terms from
Equations 2 and 3. For the polynomial, runs were made using only the constant
term, using single variable linear equations in DL’ T.,, and TX’ using linear
comiinations of these variables with and without precipitation, and various
selected combinations of linear with interaction terms ani linear with
squared terms. The same set of combii-ations was run for the exponential
function.

Specific features of the programs which may be of interest include the
fact that any functional form may be accomodated by changing a single statement
in the EF function subprogram, Linearization is accomplished by numerical

evaluation of partial derivatives using forward differences, FEven greater

- . e . j— et - T e Y, T i K e R o
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flexibility is produced by the introduction of a parameter selection index,
IPAR, which allows the inclusion or deletion of parameters within the func-
tional form being investigated.
The use of such numerical techniques, which allows great flexibility,

is not without danger. It was found in some instances that convergence of the
solution did not occur when it was to be expected due to the approximations
inherent in these numerical techniques. These problems occurred only for the
highly nonlinear functions and is not felt to be a serious problem for reasons

to be discussed subsequently,

The Robertson Model

As discussed previously, the "triquadratic" model advocated by Robertson
has much to recommend it. The model, Equation i, can accomodate both non-
linear effects and interactions with a minimum number of parameters., However,
the model requires special considerations in estimating parameters. As
pointed out by Robertson in his paper (1), the parameters for the model are
not independent. An attempt to simultaneously estimate all of these pare-
meters using the generalized least squares technique verified this, for any
attempt at such modeling results in a near-singular normal equation matrix.

Robertson utilized a parameter tvansformation technique. By expansion
of each multiplicative factor separately, polynomials result which have the
same number of coefficients as original parameters within each factor.
Estimation may then be carried out by holding the coefficients of the trans-
formed daylength parameters, for example, and using regression to estimate

transformed temperature parameters. These temperature parameters may then

—_ a o i o b e e S T IR o P T R RRAT L T et a0k it . o
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be held, and transformed daylength parameters found by regression. This ]
successive substitution technique 1is cycled until no chanpge in the parameters
result, and the parameters are transformed back for the original equation
form. The important point here is that the temperature parameters are
estimated independently from those for daylength.

The same technique was implemented more simply using the generalized
least squares techniques discussed previously. The procedure is'identical,
except no transformation is required, since the method is not limited to
regression. The method proceeds as follows. First, parameter approximations
are assumed for the daylength factor. These are held as constants, and the
general least squares algorithms are applied in an iterative manner until
convergence for the temperature parameters. These are then held, and
another computer run made to estimate new values for the daylength para-

meters, using these generalized least squares algorithms, The process is

repeated in successive computer runs until no change is noted in the

parameters.

Parameter Estimates

Parameters generated from the least squares programs are summarized in
Tables 6 through 16. These parameters were then used as input for the subdb-
sequent testing and variance propagation programs, An important feature of the '
generalized least squares modeling technique is that a-posteriori estimates of
the variance-covariance matrix for the parameters result from its application.

These may then be used in subsequent variance propagation studies.

—
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Teble 7
Polynomial Coefficients Resulting from Least
Squares Fit, Stage 1-2, Based on 53 Location Years

T e T —

rﬁi—;; TR
i
i

Const. Only Lin TX Only Lin TM Only Lin DL Only Lin Pr Only Lin TX’ TM’ DL Lin TX’ T)' . DL’ ?t’r

Hl(xlo"i) %.859397 0.8615316 5.798746 5.634711 3.958185 2.755673 2.222651
Ha(x1o'b) D. 3.k423 0. 0. 0. 2.1k25 2.3935
H3(X10.k) 0. 0. 3.9145 0. " 0. 1.5561 1.2110
Hh(XlO-h) 0. o. 0. 9.9291 0. 0.1k262 0.082501
Bs(x1o’ ) 0. 0. 0. - o. T.3297 0. 1.2524

TX’ DL 3 TXDL TM’ DL & TMDL Lin & Sq w/o Pr Lin & Saq w/ Pr Iin & Ynt w/o Pr Lir & Int w/ P 211 w/o Pr A1 w/ Pr
H1(x1o‘2) 2.413333 6.192233 L.Th9293 3.635508 1.906250 -3.485117 1k4.L%650 -3.501598
H2(11o'h) 2.6036 0. 1.3716 1.9310 2.6840 6.1158 ~13.507 6.3881
53(x1o'h) 0. 2.8102 2.1683 1.6575 ~-2.0061 -5.5208 18.229 -~k.022%
Hh(x1o'h) 7.6379 0.78146 1.3601 1.1765 6.1203 -9.6170 -3.5812 -25.772
Hs(XlO- ) 0. 0. 0. 5.7270 0. 28.800 0. 47.081
HS(XlO—S) 0. 0. 0.10771 4. 7487 0. 0. 5.45161 0.11238
HT(XlO-s) 0. 0. 0.83089 0.93968 0. 0. 7.5573 0.58963
Hs(xm'5) 0. 0. -45.599 -47.176 0. 0. -35.466 =4} %23
59(x1o'5) 0. 0. 0. -7.77L46 0. 0. 0. -13.6%0

_ Hlo(x1o'5) -5.1193 0. 0. 0. ~3.6078 5.9229 3.2799 16.239

Hll(X10‘5) 0. -6.3540 0. 0. ~-9.5090 -17.6415 ~-7.2848 =19.051
Hla(x1o'5) 0. 0. 0. 0. 0. 21.548 0. 26.190
513(x1o'5) 0. 0. 0. 0. 1.6780 1.4762 -11.831L 0.36190
th(x1o'5) 0. 0 0. 0. 0. -20.016 0. -28.796
Hls(x1o‘5) 0. 0. 0. 0. 0. 23.010 0. 31.537
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L e
S

Hl(x10'2)
H (x1o'3)
3

2 -
H_(x10

3
3

3 -
H, {x10
i

H_(x10~
5( 10

2)
3
3)
3
3

Hl(XlO-
HZ(XIO
H3(X10:
Hh(XlO.
Hs(x10_h
H(X10 )
Hq(XIO-h)
t -1
HB(XlO )
H9(11o -i
Hlo(xzo

Polynomial Coefficients Resulting from Least

Table B

Squares Fit, Stage 2-3, Based Upon 79 Location Years

Const. Only Lin TX Only Lin TM Only Lin DL Only Iin Pr Only Lin TX’ TM’ DL Lin TX’ TM’ DL’ Fr
4.589648 2.782055 2.966387 3.519618 3.906240 4.51937h 1.723743
0. 0.74951 c. 0. 0. ~1.k123 -0.061902
0. 0. 1.8460 0. 0. 2.696% 1.4967
0. 0. 0. k.7037 0. 4.8582 5.0642
0. 0. 0. 0. 27747 0. 2.2210

Ty» Dy & T,D; T,, D & T, D, Lin & Sqw/o P Lin & Sq w/ P Lin & Int w/o P_ Lin & Int w/ L A1l w/o P
-21.79267 -2.129727 53.03508 h2.06301 3.805418 -21.47510 -308.7502
10.621 0. -43.989 =-37.715 0.80023 -0.13505 246.80

0. 5.6399 L.827h -0. 77791 -15.437 127.00 -0.62885

159.42 18.087 26.863 %0.810 62.333 -k93.18 191.53
0. 0. 0. 3.6933 0. -B.782 0.

0. 8.4855 7.9387 0. 0. -31.732
0. 0. 0.30465 1.4016 0. 0. 50.361
0. 0. -45.1496 -69.655 0. 0. 196.53
0. 0. 0. k.330% 0. 0. o.

-65.800 0. 0. o. -36.190 226.71 -209.48
0. -12.542 0. 29.910 -85.739. 231.95
0. 0. 0 0. 82.147 0.

0. 0. o} 0. 5.4502 -39.521 -57-798
0. 0. 0. 0. 0. 31.192 0.
0. 0. 2. 0 0. -77.920 0.

All w/ P
-

66.21290
-57.263
%3.38%
-67.352
-66.358
31.624
11.535
-125.48
17.122
63.258
-67.2€4
191.59
-18.579
17.%02
-17.030

0g




Table 9
Polynomial Coefficients Resulting from Least
Squares Fit, Stage 3-U, Based Upon 65 Location Years

Const. Onl, Lin T,, Only Lin D_ Only Lin T
Yy : L

Lin 'I'x Only M Lin Pr Only v Tu» DL Lin TX’ TH' DL‘ Pr
j
) Hl(x1o'2) L.553196 h.259662 3.798018 6.377203 4.181928 6.508311 5.278253
! Ha(x1o‘3) 0. 1.0945 0. 0. 0. 0.005L4597 0.34962
b 53(xio'3) 0. 0. 0.61145 0. 0. -0.072310 -0.30235
: Hh(XlO.B) 0. 0. 0. -7.061k 0. -7.2799 -6.0371
i Hs(x1o‘3) 0. 0. 0. 0. 1.0661 0. 0.77576
Ty» Dy & TyD; Ty, Dy & T,D  ILin & Sq w/o P Lin & Sqw/ P, Lin & Int w/o P Lin & Int w/ P_ ANl w/o F_ A1 w/ P,
nl(x1o'2) -7.890370 -1.240937 10.15888 10.43590 -30.00160 25.84509 -8.343650 -26.11011
He(x1o’3) 5.4959 0. 6.743% 5.8296 10.388 9.2824 14.557 20.432
u3(x10‘3) 0. 6.9156 -0.67638 -1.216k% 23.351 15.191 12.271 13.253
nh(x1o‘3) 43,655 21.265 110.78 ~10.586 60.871 68.840 ~106.31 -%3.059
: Hs(x1o‘i) 0. 0. 0. 0.41T4L 0. -%.1958 0. 3.1980
5 Hs(x10“h) 0. 0. -1.012G -0.79778 0. 0. -1.1747 -0.88633
5; HT(Xlo‘l) 0. 0. 0.14672 0.33175 0. 0. -1.7558 2.1305
5 HB(x1o") 0. 0. 186.18 179.57 0. 0. 180.15 1%2.28
i H9(X10-h) 0. 0. 0. 0.21120 0. 0. 0. -2.6497
i Hlo(XlO‘Z) -19.733 0. 0. 0. -12.119 -17.243 1.0105 -17.363
Hll(x1o’h) 0. -26.766 0. 0. . 335.160 -21.568 . -3.0211 12.%05
le(x1o’h) 0. 0. 0. 0 0. -30.425 0. -40.06L
HlS(Xlo‘h) 0. o. 0. -5.6042 -3.439 -6.1099 ~8.5883
th(x1o'h) 0. 0. 0. 0. 5.169 0. 2.5037
HlS(XIO- ) 0. 0. 0. 0. -0.862L9 0. 2.2688
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Table 11
Exponential Coefficients Resulting from Least
Squares Fit, Stage 0-1, Based Upon 37 Location Years

= om———

R Ty 8

pike g

H, (x10” )
u (x102)

_2
Hs(x1o )

By
H, {x10~ )
H (x10 2)

H
HZ(XlO-e)
H6(x10’3)
HY(X10.3)
8ly10‘3)
Hg(X10” 3)
1, (y1o 2)
H (x1o )
(YlO )
H (XlO )

Hih(ch 2y
H (x10 )

Const. Only Lin Tx Only Lin TM Only Lin DL Only Lin Pr Only Lin TX’ Ty DL Lin 'I' TM’ L’
-2.473168 -3.53661hL -2.430835 -2.473168 -2.391737 -%.311131 -4.53635k
0. 4.4615 0. 0. 0. 9.2731 10.31
0. 0. -0.55089 0. 0. ~4.8L492 ~5.5545
0. 0. o, 0. 0. 0. 0.
0. 0. 0. 0. -5.3781 0. 2.0610
TX’ DL % TXDL Tys D—L & TMDL Lin & Sq w/o Pr Lin & Sq w/ Pr Lin & Int w/o Pi' Lin & Int w/ P:r All w/o P!_ 212 w/ Pr
-3.53661h ~2.430835 -2.1858k9 -2.048876 -4.7318064 -4.853732 1.19859% 5.135680
4.4615 0. ~9.66u4% -12.37h 9.304k4 11.69% -k 125 ~76.589
0. ~0.55089 -2.5199 -2.9238 -k, Th43 -10.53k 13.153 1%.582
0 0. 0. 0. 0. 0. 0. 0.
0. 0. 0. 3.3268 0. 32.338 0. -19.235
0. 0. L.0728 5.0017 0. c. 12.659 19.093
0. 0. -1.883% -2.3159 0. 0. -0.78802 0.19905
0. 0. 0. 0. 0. 0. 0. 0.
0. 0. 0. +0.66833 0. 0. 0. 5.%270
0. . 0. 0. o. 0. 0. 0.
0. 0. 0. 0. a. 0. 0. 0.
g. 0. 0. 0. 0. 0. 0. 0.
0. 0. 0. 0. -0.0044585 0.17681 -0.73298 -0.78505
0. 0. 0. 0. 0. -1.1148 0. 1.1572
0. 0. 0. 0. * 0. -0.2%084 0. -1.08k0

14




W/ mnn, SRR

e

R ot

Hy

H, (x10” )

H (x1o )
h(x1o )

_2
HS(YIO )

H
H (x1o
H (x1o
Hh(XlO B
H (x1o
6(‘(10 3)
B (x1o‘3)
.B(xlo 3
H, (xu0” 3)
H (x10 )
Hll(x1o'2)

-2
-2

)
)
-2)
)

lh():10 )
H) (xlo )

Table 12

Exponential Coefficients Resulting from Least

Const. Only Lin;Tx Only Lin TM Only Lin DL Only
-5.3268%1 -6.169140 ~5.258371 -5.241116
0. 6.3917 0. 0.
0. 0. T7.1782 0.
0. 0. 0. 12.361
0. 0. 0. 0.

TX’ DL & TiDL

Ty Dp, & TPy,

Lin & Sq w/o P

Lin & Sq w/ P

Squares Fit, Stage 1-2, Based Upon 53 Location Years

-6.352690
8.7016
0.

68.805

-3.9052

-5.095987
0.
T.030%

19.353

-9.589213
55.447
2.3567
10.293
0.
-15.036
0.096239
-Th.122

-9.757012
57.556
2.7682
9.4373
2.2833
-15.699
0.12h464
-71.56k
~7.9763

Lin Pr Only Lin TX’ TM DL Lin Tx,‘ M D, Pr
-5.483952 -5.852482 -5.963827
0. 3.9636 4.5805
0. 3.4320 2.6651
0. -k, 4626 -k.3100
11.799 0. 1.7655
Lin & Int w/o Pr Lin & Int w/ Pr All w/o Pr 211 w/ Pr
-5.99L067 -5.948517 -6.151259 -7.765557
T.2653 8.7171 10.552 30.792
29.750 26.597 %0.575 1k.578
77-991 73.821 69.655 33.9%5
0. 11.701 0. Lk9.615
0. 0. -~0.69791 -6.G38Y%
0. 0. 7.0172 0.953k6
0. 0. =719.068 ~71.219
0. 0. 0. -22.077
-h.7623 -4.1519 -3.9830 -1.5824
3.6255 2.1082 3.6022 -0.57119
0. -0.18591 0. 3.3678
-1.494%9 -1.6837 -2.30k6 -1.1756
0. -2.1685 0. -%.1073
0. 6.11%% 0. 7.7660
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Const. Only

Table 1k
Exponential Coefficients Resulting from Least
Squares Fit, Stage 3-4, Based Upon 65 location Years

Lin Tx Only

Lin D_ Only

Lin Pr Only

Lin T,, T,

Lin Ty, Ty, Dy, P,

Lin T, Only L x> T Dy, X Ty
-3.0893K1 -3.151508 -3.2632kLo -2.600212 -3.16843% -2.612179 -2.923235
0. 0.123177 0. 0. 0. 0.22383 0.89066
0. 0. 1.4020 o. 0. -0.2391% ~0.67749
0. 0. -19.117 0. -19.837 -1k.739
0. 0. 0. 2.2172 0. 1.5822
Ty» Dp & Tx”,g T,» Dy & T,D, Lin & Sq w/o P Tin & Sqw/ P_ Lin & Int wlo P "Lin & Int w/ P, A1l w/o P _ LAL 8
-5.589585 -4.259738 -1.994119 -2.034633 ~11.2019% -10.07295 ~6.8k1503 -3.034168
11.369 0. 14.311 13.554 2h.875 21.360 32.728 -27.975
0. 14467 -1.7818 -3.1076 53.350 3k.%91 31.721 33.562
88.113 43.573 -2.2915 -2.2365 1k2.98 155.65 -195. 3% ~29.450
0. 0. 0. 0.98905 d. -6.7990 0. 13.256
0. 0. -2.1291 1.8677 0. 0. -2.0501 15.378
0. 0. 0.46881 0.92379 0. 0. L. k610 3.6577
0. 0 385.78 380.38 D. 0. 355.9% 26%.71
0. 0. 0. 0’27780 0. 0. 0. ~k.3650
-4.1110 0. 0. 0. -3.0201 ~3.8968 ~0.1975% -%.9010
0. -5.6754 0. 0. —~7.69%0 ~4_9288 -0.99%36 0.85450
0. 0. 0. 0. 0. -6.1840 0. -5.9877
0. G. 0. 0. -1.3176 -0. 86544 =1.5%581 -1.8158
0. 0. 0. 0. D. 1.0098 0. -0.020521
0. 0. 0. 2. 0. -0.23377 0. 0.5383%

9t
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3 -2
Hh(XlO )
u5(11o'2)

2)
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H
1
Hz(x1o )
H3(x1e‘2)
Hh(21o‘2}
Hs(x1o'2)
HG(X10'3)
HT(X10-3)
HB(X10'3)
no(x1o‘3)
o -2
Hlo(XIO_a)
Hll(x10 )

-2
H,,(X10°7)

Table 15
Exponential Coefficients Resulting from Least

Squares Fit, Stage L-5. Based Upon 62 Location Years

Const. Only Lin TX Only Lin TM Only Lin DL Only Iin Pr Only Lin TX’ TM’ DL Lin TX’ TM’ Le Pr
-2. 745776 -4.628175 -3.243995 -2.913867 -2.72534k -%.725186 -4 ko676
0. 6.3364 0. 0. . 0. 5.4513 k.k536
0 0. 3.3732 0. 0. 2.6257 3.524%0
0. 0. 0. 5.9690 0. -1.0206 -~1.5875
0 0. 0. 0. ~0.58432 0. -1.58&6
Ty» DL & TXDL TM’ DL & TMDL Lin & Sq w/o Pr Lin & Sq w/ Pr Lin & Int w/o Pt Lin & Int w/ P Al w/o Pr A1y w/ Pr
-9.155085 ~3.615012 -17.68370 -14.08316 ~Y¥.652579 8.809258 10.10662 ~7.L4LB562
23.795 0. 53.65% 28.00% ~7.93%0 -25.578 -25.278 %6.316
0. 5.1311 33.366 30.086 18.101 =52.169 13.198 -38.699
156.75 13.258 251.05 323.03 -158.898 -455.18 -766.65 -119.32
0. 0. 0. ~2.4198 0. 96.168 0. 101.24
0. ~-8.03%0 ~3.9726 0. o. -18.315 ~10.860
0. -11.335 ~9.9229 o. 0. -15.801 3.8181
0. . =454 .41 -591.87 0. 0. -806.70 -273.37
0. 0. 0. 1.0829 0. 0. 0. 7-3280
-6.0586 0. 0. 0. 6.4918 9.2975 L3.%73 6.3837
0. -0.62985 0. 0. -2.0119 19.130 -1.3173 B8.8611
0. o. 0 0. a. -23.308 . -15.033
o. 0. 0 0. ~0.34727 0.20559 1.2506 0.15109
0. G. . 0. 0. -0.30876 0. o.B6107
0. 0. 0. 0. o. -1.%927 0. ~2.7542
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TFST PROCEDURES

In attempting a preliminary assessment of resultls in the preceding phase,
a simple test program was written which applied the parameters generated to
daily meteorological data values. Erratic behavior was noted in using this
procedure for the more highly nonlinear functions. This was believed due to
the fact that, due to the nature of the phenological reports, only meteoro-
logical values averaged over the phenological period were feasibie for inclu-
sion in the least squares parameter estimation. When parameters estimated on
this basis were applied to daily meteorological wvalues, many of these weather
variables were out. .e the range used in parameter estimation, and great
fluctuations were often the result for the nonlinear functions.

When simpler functional forms were utilized, these large fluctuations
were not noted. When linear functional forms were utilized, reasonable fits
were produced. Figures 5 through 11 depict the "uracking" of linear functional
forms driven by daily meteorological values for typical functional forms and
location-years.

In an attempt to alleviate these difficulties, test programs were gen-
erated using averaged meteorological values to drive the model on a daily

basis. These were cf two types.

Interval Tests

In these tests, various averaging techniques were applied to the inde-
pendent meteorological variables used to drive the model, and statistics
computed independently within each stage interval, The data used in these

tests was of necessity limited to those location-years for which reports were

> o e o e s e e B e I i . Y. N, a2 Vimeem B L Mt Gk M s emai




A R e

1-0 98e3g ‘uorjoung IBAUT] JO SIS3Y, G InIT4

YIDAN AVA NVITIAC

G8¢ 08¢ 1Y4A XA S9¢ 092
o + $ 4 + t
s = Too
7 - e
. D .~ - . s
- \ \ \ » \ ¢
. -\\ _ - . Va
\ - \ ’\ \l ¢ T m.o
s - ..
-~ AR5
- « T Q¥
i o ' ewoyeTHD
_\ . +0°'1
CL6T L _ﬂ ~

L @D skep .
ope10T10) ‘ G°Z TS°1
+0°¢

xHNm + ﬂ: =1
T-0 @3e3g

Ts°¢

3Jovis

-

ey

et ikl 5



Z-1 @8eag ‘uorioung ieaur] jo 3s9] 19 dandIg
YIGWAN AVA NVITIOL
SEl 191111 SL 1% ST 0se oce 267¢
- & - - b — R F - } ——f—
/
. R
.w- vv . \
. -.a.n-c. /
: /
/
. /
.-- \
= . 7
et —— e e
/-
N.
l.\
| 7
:
w -,
w - X
| , DL6T
| . L qQdd
m S/ opeaofo)
| i z-1 98eag
» CN
/
Aep 1 -
- ) ) e - )

0°1

(A

7°1

JOVLS

9°1

8°1

0°¢

P

|
!
:




b2

sAep

Z-1 2%eag ‘uorioung

aeaur] jo 3s9 ) 2anILg

YAGHON AVA NVITAC
06 09 o€ G9¢ See c0g SLz
- { -t } t t +
+ \' 'Olﬁ
£
VA
/7
.\. =
J 1
4
J
4
\\ KM
—_—— .
s
s -
S . 9°1
7 .
- < T, 1
e L I'H+ H=1
v o ’ 6961
. 1 @ -

v R BUGYET0 81

yd L ¢-1 @8e3s

e LT

. 02

JOVis

N W e

S i




Pa® T

STAGE

2.0.‘
v
Stage 1-2 /
Oklahoma V4 LT
1.8 | CRD 9 .
1970 4 o
R=H +HT, // .
v .
1.6 ] 7o
/S
S
v .
/{"..
1.4 RS2
e
1.2 | -/
o7
./
o .
1.0] .7
+ ; + : frm o
305 335 365 + 30 60
JULTIAN DAY NUMBER
Figure 8: Test of Linear Function, Stage 1-2

- 8 days
/ ¥
90

£y




bl

g¢-7 98e1s ‘uorjoung Ieaur] Jo IS8l 6 SanITd

JARON AVA NVITAC

191 Syl SeT - 6eT STT <01 6
\- \o \0 C-N
/ ! -/
S .\ .\
! v} L/
\ .\ . \ T N-N
d i ./
i .7 R
h ./
c\ .\ . \ 41 oNoN
/ | ./ .
961 f %961 ) / ./ 6961
L add S Q¥d / ./ 6 Qud
ope10710) / sesuey . Bwoye 0 L
O \ ¢ \ @nN
/ ‘ ' :
; A C
] ¢ \ * \
/ . "/ 1
; \ © To% + Tn = g 8°¢
. \ \. \~ €-¢ 23e3s
/ "/ /
J . s/
! / . L
0 Aep 1 - sAep ¢ - 0°¢

HOVLS




y-¢ adels .cowuucsm Ieaur] Jo 3Is9I QT °amITJ

JAIRAN AVA NVIIAC

b5

081 oLt 091 0T 091 o€t 0zt
A - AR A ' A A

S .\. /| o¢ M
/ / / :
J 4 / g
.w\ \.\. \ \ o _
..\\ \l \ . M_
. \ /. |

Y \ / . T v¢
./ /. / |

q9V1S

vL6T . / 696T . / 7961
L @D * 6 @i0 \ . \ ) S qQid
OpeBI0TO) ) . \ emoyeIi0 \ . . sesue)y
. \\ \ ] \ [}
. O - \ - .
. \ \ , \ . HQ‘NS + ﬁm =3 . 8°¢ i
/ / . . y-¢ 98eas .| I
/ / \ \ |
.\\ \ \ . * \ ¢
. /L \ Lo




¢-% 98elg ‘uoridung IeSUIT JO 3s3L :TT 2aIndtyg
YI9iAN AVA NVITAL
S8l 081 6Ll 0i1 €91 091 (19§ 11191
=t } t t i m t t
” .\ . .\ \
/. VA,
. / ./ /
. / . / x
. . y /s / /
. . \ \ .
. \ \\ \
2 / */ .
; J/ y /.
) / * / /.
6961" 7961 , \. L6T
Tan csad  / 6 qQud
sesuey # sesue)y \ \. sesuey
\ ¢ ~\ \ \
4 /7
/ e
Ny Ja%n+ "fn+ %+ =
J . \ \. G- 3deag
ya v
/ AV
sdep € + SARpP T - O

o Y

<Yy

kAN

9%y

8"y

0°s

o o gmmin W

J9VLS




I b el

b7
available for both the beginning and ending date for the stage. This had the
effect of limiting the size of the data sets, particularly for stage intervals
0-1 and 1-2, since only a few states adequately report emergence. A summary

of the number of location-years included for each stage is shown:

Stage Location=-Yesars
Plant-Emerge (0-1) 18
Emerge-Joint (1-2) 16
Joint-Head (2-3) 33
Head-Soft Dough (3-4) 30
Soft Dough-Ripe (4-5) 25

Specific location-years included in this interval test data set are summarized

in Table 17.

Running Averages. In this approach, the meteorological varisbles used

to drive the model for any one day would be given by

x' - Edﬂ!’_ Eq. 30

in which x represents any of the independent variables T.,, T., D The

X* "ML Pr'
value n is the number of days over which running averages are to t- computed,
and may be varied within the program from 1 to 9, J is the Julian day number

for which the growth rate is to be computed, and x' represents the averaged

variable value to be used in the equation to compute growth rate for that day.
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Table 17
Summary of Location Yesrs Used
for Interval Test Programs

Stage State Crop Year C.R.D
0-1 Colorado 1973 6
1975 7
Idaho 1974 9
Oklahoma 1964 1
1967 192s3’h’596
1969 9
1970 9
1971 9
Texas 1975 lS,lN,QN,@N,S
1-2 Coloradv 1973 6
. 197k 7
Idaho 1974 9 |
Oklahoma 1965 1
1967 1,2,3,4,5,6
1969 9
1970 9
1971 9
Texas 1975 1S,2N,5
2-3 Colorado 1973 6
197k T
Idsho 197k 1,9
Kansas 1964 5
1967 1,9
1969 1
1973 5
19Tk 9
1975 K
Montana 1973 1,2,3
North Dakota 1973 1,4,5,6,7,9
l
]
?
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Stage
2-3

State

Oklahoma

Texas
Colorado
Tdaho

Kansas

Missouri

Montana

Oklahoma

Texas
Idsho

Kansas

Missouri
Montana

Oklahoma

Texas

k9

Table 17
(Continued)

Crop Year

1967
1969
1970
1971

1975
197k
1974

196k
1967
1969
1973
1974
1975

1971
1973

1973

1967
1969
1970
1971

1975
1974
1964
1967
1969
197k
1975
1973
1973
1967
1965
1970
1971

1975
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Thus
R=f (H,X') BEq. 31

in which the function f may represent the polynomial, exponential, or
Robertson equations discussed earlier. Within any interval the stage would

be computed as

J

S = (K- 1) + L Ry Eq. 32
1=

in which K represents the interval, JQ represents the reported date at which
the interval began, and J represents the Julian day number at which the stage
is computed.

Accumulative Averages. 1In this approach, meteorological values used to

drive the model for any one day were computed as accumulative averages from
the beginning day for the stage up to and including the day itself, Therefore,

a typical averaged weather variable would be computed for a date J, as

! 2 el
x! = n Eq. 33

in which x' represents the averaged weather variable used to compute growth rate

for Julian date §, Jo represents the Julian date at the beginning of the

N R T ot s b i R e e e
L , . . . e e I el ¢ e e i T e e W i
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¥

phenological interval, and n represents the number of days over which averaping
was done and would be computed by n = § - Jo + 1,

The rate for each day would then be computed by
R = £(H,X*) Eq. 34
and intermediate stage values within an interval would be computed by
Sk = (kK = 1) + nR, Eq. 35

Special considerations are necessary in applying this technique over
interval 1-2, which includes a vinter dormancy period. If the method were
applied directly, then high temperatures and daylengths carried from the fall
period would have a tendency to mask the onset of winter and subsequent
dormancy. A similar problem would occur in the spring greenup period, when
low values included from the winter would mask the onset of spring and sub-
sequent greenup. Thus, the winter dormancy and spring greenup criteria
discusseq earlier was used. The averaging algorithm was re-started when
winter dormancy was indicated (10 days in which average vemperuture was less
than 14.69°C.), and egain at spring greenup (10 days greater than 6.14°¢.),

Test Results. Both of the averaging techniques were applied to indepen-

dent deta on a daily basis; Results from the running average used with poly-
nomial.functions (TEST CCll)‘and used with exponential functions (TEST CClg)
are summarized in Tables 18 and 19. Results from application of the running
average algorithm applied to the Robertson model are shown in Table 22,
Results from applying the accimulat e average algorithm to polynomial

(TEST cC21), exponential (TEST CC22), and Robertson functions are summarized

in Tables 20, 21, and 22 respectively.
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Stg. 0-1 (18 L.Y.)}

Table 10
Summary of Statistics from Interval Test Program
Using 5-Day Running Averzges and Exponential Functions (TEST CC12)

Stg. 1-2 (16 L.Y.)

Stg. 2-3 (33 L.Y.)

Stg. 3-k (30 L.Y.)

stg. 45 (25 L.Y.)

FUNCTION BIAS VAR. RMSE BIAS VAR.  RMSE BIAS  VIR. RUSE BIAS VAR. EMSE BIAS  VAR.  RM3E
: Const. Only +2.9 45.8 6.8 -27.%  1k03.0 37.5 +2.5 -63.8 8.0 +2.1  38.7 6.2 +9.0 138.0 11.7
| Lin T, Caly +2.9 56.1 1.5 +2.2 229.9 15.1 +1.9 55.1 7.4 +1.7 3k% 5.9 +8.0 113.9 11.0
‘ Lin T, Only +2.2 hi.9 6.5 -3.6 228.8 15.1 +1.6 55.3 7.4 +1.2 31.8 5.6 +8.2 i2y.1 1.l
| Lin Dy Only +2.9 45.8 6.8 -31.k  1h91.9 38.6 +1.9 62.9 7.9 +2.6 54.3 7.% +8.7 128.8 11.3
: Lin P, Only +2.4 43.7 6.6 -9.2  970.3 3l.1 +2.5 63.5 8.0 +1.% 35.0 5.9 +9.0  128.2 11.8

Lin Ty, Ty, Dy +2.3 6h.2 8.0 +3.3  218.0 1k.7 +1.5 58.6 7.6 +2.7 55.3 7.k +7.6  135.8 10.8
. Lin Ty, T, Dp. By +2.6 69.2 8.3 +4.2  249.8 15.8 +1.5 55.2 7.k +2.3 L6.5 6.8 . +7.7 119.0 10.9
i Ty» Dy & 7,0y +2.9 56.1 7.5 +30.6 26)7.1 51.2 +1.% 51.2 7.2 +1.0 k0.2 6.3 +8.7 1kk.3 120

T,» D & T,Dp +2.2 1.9 6.5 +6.6 1320.6 36.3 +1.0 55.5 T.h +1.1 37.6 6.1 47.9 119.% 10.9
[ Lin & 5q w/o Pr +2.8 63.4 8.0 -8.0 208.2 14.} +6.1 1231.4  11.0 +5.5 8k.9 9.2 +4.8 75.0 8.7
r Lin & Sq w/ P_ +2.7 67.4 8.2 ~10.9  281i.1 16.8 +k.0 7.9 8.8 +5.4%  79.2 8.9 +5.4 88.5 9.k
g Lin & Int w/o P_ +2.6 s4h.2  T.4 +6.4 3k5.9 18.6 +0.2 125.8 11.2 +0.5 hi.Lh  6.% +8.4 139.6» 11.8
!, Lin & Int w/ P +1.8 69.2 8.3 +116.0 17502.2 132.3 +6.4 118.3 10.9 -3.3 k1.6 6.4 -3.5 117.3 10.8
f A1l w/o P +3.6 67.4 B.2 *41.2  298.3 17.3 +8.2  170.8 13.1 +3.5 7Th.0 8.6 +4. 5 100.2 16.0
? 211w/ P, +1.3 86.8 9.3 125.8 18193.7 13L.9 -68.3 11405.7 105.8 +11.% 156.9 12.5 -35.7 1834%9.k 135.5
[,
L
j

-
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stg. 0-1 (18 L.Y.)

Stg. 1-2 (16 L.Y.)

Table 21
Summary of Statisties from Interval Test Program

Stg. 2-3 (33 L.Y.)

Using Accumulative Averages and Exponential Functions (TEST CC22)

Stg. 3-4 (30 L.Y.}

Stg. b-5 (25 L.Y.)

NCTION BIAS VAR. RMSE BIAS VAR  RMSE BIAS VAR. RMSE BIAS VAR. RMSE BIAS VAR. RMSE
Const. Only +2.8 kL2.9 6.5 -27.% 1k03.3 37.5 +2.6 62.8 7.9 +2.1 38.% 6.2 +9.0 138.9 11.8
Lin T, Only +2.5 53.7 7.3 +0.9 617.4 2L.8 +1.7 52.3  T.2 +1.6 343 5.9 +7.9 125.9 1.2
Lin T, Only +2.1  39.% 6.3 -9.%  683.2 26.1 +1.2 541 7.4 +1.1 30.8B 5.5 +8.0 122.7 11.1
1in D, Only +2.8 k2.9 6.5 -L4o.6 2400.0 L48.9 +1.6 58.1 7.6 +2.6 56.8 1.5 +8.7 129.8 11.%
Lin P Only +2.2 LW2.6 6.5 -16.3 1271.4 35.7 +2.7 77.4 8.8 +1.1 33.9 5.8 +9.0 138.4 11.8
Lin Ty, T,, D +1.8 66.4 8.2 +3.8 620.4 2k.9 +1.1 55.1  T.h +2.7 58.3 1. +7.5 119.3 10.9
Lin Ty, Ty, DL, P +1.9 69.4 8.3 4+5.8 699.2 26.4 +1.0 56.5 T.5 +2.3 k1.3 6.9 +7:6 123.2 11.1

' TX, DL & T,Dp +2.6 54.8 T.4 +36.9 L587.3 67T.7 +0.5 k7.0 6.9 +1.0 k1.3 6.k +8.7 154.8 12.%
Ty Dp & T,Dp +2.1 39.% 6.3 +0.4% 2762.9 52.6 +0.5 50.3 T.1 +0.9 36.6 6.1 +8.0 119.8 10.9
Lin & Sg w/o P_ +2.2  60.8 7.8 -0.9 389.1 19.7 +5.8 175.7 13.3 +6.0 95.9 9.8 sh.2 83.8 9.2
Lin & Sq w/ P_ +2.3  65.b 8.1 -1.6 350.2 18.7 +2.8 117.7 10.8 +5.7 81.4 9.3 44T 92.7 9.6
Lin & Int w/o P, +1.8 66.4 8.2 +13.1 1138.2 33.7 -0.1  53.9 7.3 -1.k  39.6 6.3 +7.5 118.%  16.9
Lin & Int w/ P_ +2.1  61.3 8.2 +28.3 3319.1 57.6 4+2.5 100.0 10.0 -1.6 23.6 4.9 +7.8 153.0 12.3
All w/o P_ +2.8 60.9 7.8 +1.0 615.0 24.8 +7.8  233.4 15.3 +4.9  79.9 8.9 +2.8 112.5 10.6
AL w/ P +4.3  T16.6 8.8 +16.3 2008.7 L4.8 +4.7 191.3 13.8 +8.9 125.6 11.2 +7.0 125.9 11.2

14




Stage
0-1

2-3
3-b
4-5

Stage
0-1

Summary of Statistics from Interval
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Table 22

Test Programs for Robertson Model

Using 5-Day Running Averages

Bias
+2.h4
+1.1
+1.b4
+2.3

+7.6

Yariance

66.8
141.3
60.8
49.0

115.2

Using Ascumulative Averages

Bias
+2.0
-1.4
+1.2
+2.3

+7.2

Variance

64.5
551.0
61.8
50.0

120.9

8.2
11.9
7.8
7.0
10.7

R.M.5.E.

8.0
23.5
7.9
7.1

11.0
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Crop Year Tests

»

In applying the above testing procedures, data were limited within each
stage to location-years for which both bepginning and ending dates were reported
for the stage. In order to overcome this limiting aspect as to location-years,
a crop year test program was written, in which the equations generated from
least squares were applied throughout the entire winter wheat crop year,

In this way, cumulative error throughout the growing season could be
estimated. Further location-years for which phenological dates were not known
in every interval could be included. For those intervals not having known
phenological dates, the unknown efror when a stage was reached was carried for-
ward, and included within the cumulatise error at the next stage at which a
Phenological date was reported. This program utilized the running average
technique,

A data set, consisting of 28 location-years of complete érop yeur nieteoro-
logical values was prepared for this program. The specific location-years
included, and the stages reported for each, are shown in éable 23.

Results of these tesﬁs are shown in Tables 24 and 25. The Robertson
and a "combination" model are included in Table 24, In general, the crop
Year tests resulted in errors less than would be expected from the interval
tests. The Robertson model, in particular, resulted in relatively small
biases'and variances, |

A virtually infinite number of combinations, utilizing different func-
tional forms may be investigated using this program, The results from one such
combination, selected based upon bias and variance values from interval tests,
are shown at the bottom of Table 24. This combination consists of the

following functions:

T e et o e i 5 TR T S i T et e -




State
Colorado

Idaho

Kansas

Missouri

Montana

North Dakota

Oklahoma

Texas

P L N el
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Table 23
Location Years Included in
. Crop Year Test Data Set
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Crop Year
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1967,1969
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1967,197h4
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. Table 24
Summary of Statistics from Yearly Test Program Using
5-Day Running Averages and Polynomial Functions (YEAR TEST 1) (28 L.Y.)

et LTS

> o

-y

Stage 0-1 Stage 1-2 Stage 2-3 Stage 3-4 Stage 4-5
FUNCTION BIAS VAR. RMSE  BIAS  VAR. RMSE BIAS vAR. RMSE BIAS  VAR. RMSE BIAS  VAR. RM3E
Const. Only +1.9 22.3 W7 -2.4 1460.7 38.2 -5.% 1308.0 36.2 -9.3 897.3 30.0 +15.7 B862.0 29.k
Lin T, Only +1.3  30.7 5.5 -8.5 651.7 25.5 -9.8 615.2 2h.8 -2.5 423.9 20.6 +1.5 uU63.5 21.5
Lin T, Only 1.k 19.% Wk -3 316.3 17.8 -3.6 301.8 17.% +0.7 216.7 14.7 +5.0 372:8 19.3
Lin Dy Only +1.9 22.3 4.7 -14.3  959.0 31.0 -16.2 904.1 30.1 ~19.3 T761.6 27.6 +0.4  219.5 1k.8
Lin P Only +.1 19.5 kb +5.3  B74.0 29.6  +10.5 T712.7 26.7 -+6.1 578.6 2.1  +18.8 789.6 28.1
Lin Ty, Ty, D +0.6 29.5 5.4 -6.5 k9h.0 22.2 -8.3 387.0 19.7 -1.3 280.8 16.8 0.0 k2h.2 23.6
Lin Ty, Ty» Dps By +0.6 32.1 5.7 -6.4 s48.8 23.k -8.7 1431.9 20.8 -1.8 305.3 17.5 +0.6 Lk3.0 21.0
Ty» Dy & T,0p +.3 30.7T 5.5 -12.9 1208.9 34.8 -11.k 670.0 25.9 -2.9 148.8 12.2 +403  235.%  15.3
T,» Dy & T,Dp +1.k 19.4 k.4 -6.3  591.% 24.3 -9.9 38k.2 19.6 -3.6 232.4 15.2 +7.1 300.7 17.3
Lin & Sq w/o P_ +1.5 23.6 k.9 -20.7 1b431.1 37.8 -14.8 1007.4 31.7 +0.4  543.1 23.3 +9.5 267.1 16.3
Lin & Sq w/ P +1.2 25.5 5.1 -28.1 1921.3 L43.8 -17.4%  871.2 29.5 -3.2 252.2 15.9 +6.8 248.9 15.8
Lin & Int w/o P_ +0.5 29.6  S5.h -1%.8 1153.7 34.¢  -13.1 1109.4 33.3 -0.3 252.6 15.9 +8.5 Lkl 21.1
Lin & Int w/ P +0.8 31.4 5.6 ~7.5 1736.3 bh1i.7 +5.4  987.% 31.% -2.5 452,1 21.3 +11.%  858.5 29.3
A1l w/c P +2.1  20.6 k.5 -9.7 935.5 30.6 +9.9 1178.9 3k4.3 +26.8 1725.0 k1.5 +44.4 3571.6 59.8
M1 w/ P, +3.2 27.9 5.3  -10.3 1069.3 32.7 -11.8 889.3 29.8 ~5.2 362.3 19.0 +k.9  389.9 19.7
Robertson +1.5 26.3 .5.1 -2.0 258.5 16.0 -3.% 200.5 1b.2 -0.2 205.6 1k.3 +1.8 305.5 17.5
Combination +1.4  19.4 bk -3.4h  262.8 16.2 ~5.5 186.6 13.7 -2.7 125.7 11.2 -2.9 197.8 1k.3
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Table 25
Summary of Statistics from Yearly Test Program Using
5-Day Running Averages and Exponential Functions (YEAR TEST 2) (28 L.Y.)

Stage 0-1 Stage 1-2 Stage 2-3 Stage 3-L Stage 4-5
FUNCTION BIAS VAR. RMSE BIAS  VAR.  RMSE BIAS  VAR. RMSE BIAS VAR.  RMSE BIAS VAR.  RMSE
Const. Only +1.9 22.3 L. -1.4 1456.8 38.2 -5.% 1308.0 36.2 -9.3 897.3 30.0 +1%.7 831.7 28.8
Lin Ty Only +1.5 28.9 5.4 -1.6 348.5 - 18.7 -3.8 334.4 18.3 -1  320.1 17.9 +2.7 396.9 19.9
Lin T, Only +1.%  19.% 5.4 -1.2  199.1 1k.1 -1.0 217.9 1k.8 -0.8 198.1 1k.1 +5.6 294.3 17.2
Lin D Only +1.9 22.3 L. -9.3 1066.3 32.7 ~-11.9 983.8 31.k ~15.9 Th7.4 27.3 +6.2 336.3 18.3
Lin P Only +1.3 18.0 4.2 +13.8 1098.6 33.1 +0.2 k22hk.n 65.0 +3.k 2830.0 53.2 +36.5 30k9.1 55.2
Lin Ty, Ty, Dp +0.8 27.2 5.2 -1.8 356.7 18.9 -3.%  263.B 16.2 +0.9 321.6 17.9 +3.7 397.0 19.9
Lin Ty, T,;» Dy, P +1.0 27.9 5.3 -1.2  k29.0 20.7 -3.5 317.7 17.8 +0.9  372.6 19.3 +5.2  115.6 20.%
Ty» Dy & T,Dp +1.5 28.9 5.4 -13.4  3457.1 ~58.8 -10.1  877.3 29.6 -0.6 £98.8 26.% +6.0  639.5 25.3
T,» D & T, +1.% 19.% LWk -22.2 L410.3  66.4 -5.2 1198.5 3k4.6 +7.4 102k.5 32.0 +13.6 1079.7 32.9
Lin & Sq w/o P +1.5 2h2 kL9 -1k.7 1057.2 32.5 -3.3 %52.9 21.3 +5.9  kW7h.5 21.7 +4.7  341.2 18.5
Lin & Sq w/ P, +1.5 24.7 5.0 -9.8 532.7 23.1 -7.6 355.3 18.8 -0.5 332.6 18.2 +2.7 281.6 16.8
Lin & Int w/o P_ +0.8 27.2 5.2 -10.1 1127.8 33t6 -9.9 976.0 31.2 -1.9 Lk27.1 20.7 +4.7 656.2 25.6
Lin & Int w/ P +1.1  27.8 5.2 -38.0 10075.8 100.4 -32.0 B8536.4 g2.% +2.9 2133.4 L6.2 +5.7 33%1.7 57.8
A1l w/o P, #1.9 21.0 L.6 -16.% 1925.1 }3.9 +3.8 1038.7 32.2 +1h.3 1293.1 35.9 +25.5 2100.3 L45.8
A1l w/ P, +3.5 30.k 5.5 -19.7 5600.0 Tk.8 -7.9 2083.5 Ls5.6 +4.9 1913.9 Lu3.7 +13.7 1872.3 43.3

i
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Stage Function Terms _in Manation
0-1 Polynomial ‘ Linear TM nly
1-2 Robertson Triquatra*isz
2=-3 Exponential Tx, DL and TXDL
3=} Polynomisl Linear Ty Only
45 Exponential Linear and iq, w/o P

This particular combination worked well, resulting in low wvariances, relative
to the other cases tested, although biases exceeded slightly those from th~
Robertson model.

Figure 12 shows, in graphical form, the general behavior of the bias
values resulting from these crop year tests, for typical functions, and

Figure 13 shows a similar plot:‘for variance values.

VARTANCE PROPAGATION
"In order to assess the acceptability of the variances resulting from the
testing procedures, the technique of variance propagation may be used a5 an
independent check. The generalized variance propagation relation provides a
powerful tool to determine the resulting variances of quantities computed from

parameters and independent variables subject to statistical variation,

Mathematical Model

The basic relationship utilized in variance propagation is

t
J. J
__s=_zx§y_..§x- Eq. 36

A o i . _—— et e S At G £ s VS e B Wy i e TR Sl Gt e R e e e ewda D g




UOTIBUIQUOD 4 _

S3SB) SNOTJIBJ J0J SISa]
aeax dox) woxy seiqd Jo 30Td
2l san3ta

/!

(Teo1d43) TeTmOULTOIQ/

/

(Teo1d43) TeIjuauCdxiV

Nl

c+

N+

9+

(sfeq) smig




63

S9SB) SNOTIB) I0I 1S9
183} doxp woxl aduBIIRp JO 014
£1 2an31g

A

~

uotgeurquo) K

uosjxaqoy M

\0

(1Teo1dA3) Te13usuodxy A

(Teo1d43) Tetwoufiod ®

*d°S"HW Y

(s40q)

TR el T

ki . e

|




6k

In this equation, Qg represents a ¢ x ¢ variance-covariance matrix for the
¢ x 1 vector of functions

B . L ()
e 1 "o, n,l " Eq. 37

The n x 1 vector y represents the quantities (parameters and independent
variables) upon which computation of s is based, through the functional rela-
tionships £, and gy is the n x n variance-covariance matrix of these quantities,

For the problem under consideration

8 H X :
e Eq. 38
t L)t
Y . |- X] Eq. 39
n,1 = |1,p 1,q]

where n = p + q, H is the vector of parameters estimated from least squares, and
X is the vector of independent weather related variables defined previously.

Then Equa.tion‘ 36 may be applied to growth rate as

t
= JRy Qy I Ry
9% © 1,19 19,19 19,1

Eq. 40

where g is the variance of daily growth rate, and
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o
15,15 15,4

= Eq., Ll
19,19
’ o %
L s B,

The key to application of the relationship is to obtain values for the parameter
variance-covariance matrix,gﬁ. One of the attributes of the generalized least
squares technique used is that propagation is carried out during parameter
estimation, and rellable estimates of the parameter wvariance~covariance matrix
result from the least squares estimation procesé (3,6},

After estimation of the variance of a typical growth rate within a given
stage, Qs other variances may be computed. The number of dayé within a stage

may be approximated by

1/R Eq. k42

in which n is the estimated number of days in that stage, and R is a typical

growth rate within that stage given by

R = £(H,X) Eq 43 |

vhere X represent typical values of weather related variables within the stage,
e.g., average or median values., Using Equation 42 and applying the variance

propagation relationship of Equation 36 results in

(S

Q= Eq, Ul

o o 3
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and a standard deviation of

a;"‘l;‘ Eq. ]

These represent the estimates of variance and standeard deviation of the number
of days within each stage, which may be compared to those values computed by
the interval tests, To estimate the cumulative vardiance, in days, at the end

of any stage J, the relationship

Eq, 46

=

2>
n
~1 G

i=1

may be used. Applying the variance propagation relationship of Equation 36

to this function results in .
J .
ay - A
N - E [
4 1 qni q. 47
i=1
and
9y, = Y az "Eq. 48
3 NJ .

Test Results

The above relationships were programmed and run on the computer, Variance-

covariance matrices for psrameters were taken directly from the least squares
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program. The interval test data set was used to compute typical weather-related
variables, in this care averages, as well as variances for and correlations
between these variables. The results revealed a high correlation between the

Tx. T, and D. variables, and these correlations should not be neglected in

M L

further work.

The results of these computations are, for selected cases, shown in
Table 26. The figures shown are the variances and standard deviations pre-
dicted by variance propagation for the chmulative mismatch in days, which may
be compared directly to the results from the crop year test sequence, Figures
14, 15, 16, and 17 show these comparisons, in graphical form, for the polynomial,

exponential, Robertson, and combination models,

it e e it e e
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FUNCTION

Polynomial

Const. Only
Lin TX Only
Lin T!d Only

Zin T, T,
Lin T:(, TM’ DL,
Lin & Sq w/o Pr

Lin & Sq w/ P

P

Tr

Stage 0-1
7 Var2 Std. Dev.
(Days®)  (Days)
7.3h 2.71
h.71 2.17
3.67 1.92
k.71 2.17
3.67 1.92
3.87 1.97
7.89 2.81
8.05 2.84
13.66 3.69

Table 26
Cumulative Variances and Standard Deviations

Predicted by Varience Propagation for Selected Cases

Stage 1-2
Var Std. Dev.

(Days™) (Days)
125.66 11.21
660.49 25.70
712.89 26.70
kk9.86 21.21
L5k, 54 21.32
506.25 22.85
92L. 77 30.41
338.56 18.%0
1730.56 41.60

Stage 2-3
Var, Std. Dev.
{Days®) (Days)
125.66  11.21
662.03 25.73
716.63  26.77
501.31  22.39
L68.29 21.64
523.49 22.88
974.06  31.21
349.69 18.70
2043.0% 45.20

Stage 3-4

Var, Std. Dev.
{(Days®) (Days)
125.89 11.22
662.03 25.73
TR 4T 27.23
501.31 22.39
L68.72 21.65
523.95 22.89
979.69 31.30
352.31 18.77
2055.72 b5.3k

Stage 4-5
Var, Std. Dev.
{Days™) (Days)
125.95 11.22
666.16 25.81
742.02 27 24
503.55 2z.ky
k70.02 21.68
529.92 23.02
1000.%6 31.63
355.70 18.86
2058.1% L5.37

89
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FRICTION

Exponertial

Const. Only

Lin TX Only

Lin T, Only’
r

Ty» D, & T8,

TM’ DL & TMPL
o

Lin Ty TM’ DL

Lin Tx, TM’ DL, Pr

Tin & Sq w/o Pr

Iin & 5q w/ P

Robertson

Coxbination

Var2
(Days®)

T1-35
5.30
3.69
5.3C
3.69
3.68
5.86
B.58
17.L%

Std. Dev.
{Days)

2.30
1.92
2.30
1.92
1.92
2.k2
2.93
4.18

5.59

1.92

Var2
{Days®)

126.11
1073.87
1086.36
3237.61
3099.15

921.12
1357.19
1042. 6k

1031.05

10L6.52

992.25

Std. Dev.
(Days)

11.23
32.77
32.96
56.90
55.67
30.35
36.84
32.29

32.11

32.35

31.56

Teble 26
{Continued)

Var,
(Days™)

126.3%
1075.18
1090.98
3242.16
3103.60

922.9k
1395.02
1047.17

1060.15

10L8.46

997.30

Std. Dev.
{Days

11.24
32.79
33.03
56.94
55.71
30.38
37.35
32.36
32.56

Var2

{Days”)

126.56
1076.00
1091.€k

32454
3209.22

923.02

1409.26

1€52.65

106L.06

1050.41

1022.08

Std. Dev.
(Days)

13.25
32.79
33.0k%
56.96
56.65
30.38
37.42
32.46
32.62

32.41

31.97

Var
(pays™)

126.70
1079.78
1092.39
3249.01
3210.36

929.6k
1L05.50
1055.60
2068.64

1069.94

1025.28

Std. Dev.
{Days)

11.25

32.86

33.05 o
)

57.00

56.66

30.%9
37.k9
32.46

32.69

32.71

32.02
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T4
SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

Sunmary

Winter wheat phenological information was gathered for crop reporting
districts located in the Great Plains and Rocky Mountain regions of the
United States. Corresponding meteorological data were obtained fyrom the
National Climatological Center for these location-years, for values of daily
maximum temperature, minimum temperature, and precipitation. Daylength
values were computed.

These data, after editing and reduction, were utilized in least squares
fitting programs using the method of simultaneous adjustment of observations
and parameters (generalized least squares). Parameters were estimated using
these techniques for various forms of polynomial, exponential, and the
Robertson "triquadratic" functions. The functions resulting from these fits
were then tested in a predictive mode by applying them to data sets withheld
from the least squares procedures, Variance propagation studies were con-
ducted in order to predict expected variances of growth rates computed from

the parameters estimated.

Conclusions
The investigations conducted support the following general conclu-
sions:
1.) The use of phenological reports from crop reporting
districts was troublesome, Although use of such informa-
tion requires no separate data gathering, as it is accom=-

plished within the U.S.D,A. reporting service, the data
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2.)

3.)

4.)

75

have several disadvantages, Few states report all pheno-
logical stages, and many report other than the "standard"
stages (plant, emerge, jJoint, head, soft dough, ripe). No
states, to this investigator's knowledge, report informa-
tion concerning dormancy or spring greenup.

The data from crop reporting districts are "noisy", and in
some instance contained outright mistakes. This causea re-
latively high variarces in parameter estimates, and, in turn,
relatively large uncertainties in predicted phenological
stages.

Because only end points are available, at best, in the
phenological reports, only average growth rates may be com=-
puted and utilized for parameter estimation within each stage
interval for each location-year. This, in turn, necessitates
that the corresponding environmental values be averaged
spatially and temporally over the CRD and the stage interval,
For the emerge to Joint interval special considerations are
necessary., This interval includes the long winter dormancy
period, and some criteria must be established in data pre-
paration which reflects this fact. Later testing proced:res
indicated that the pehavior of the resulting mcdels were
relatively insensitive to minor variations in the dormancy
assumptions made,

The generalized least squares modeling techniques, combined

with numerical methods for linearization and function




6.)

To:
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evaluation, appear to provide a powerful and flexible tool
for parameter estimation within a variety of function types.
While some difficulties were encountered in obtaining con-
vergence for models w}th higher order terms, due to the
approximations involved, the problems were relatively minor,
and are certainly reconcilable. Fairly good parameter approx=
imations are necessary in using the model. Further, the
method lacks efficiency in testing of variance for inclu-
sion of terms when compared with stepwise regression.
Howeve}, the flexiﬁillty of the technique, including
its ability to accommodate nonlinear models, and
configurations within each model is a great advantage.
The fact that the method recognizes and includes computa-
tionally the statistical variability within all observed
quantities, and minimizes with respect to all these, is
felt to result in more realistic parameter estiéates than
those resultingvfrom regression analysis;
In virtually no instance was the inclusion of precipitation
within the model found to be significant.
Tests of functioﬁs on independent data revealed that the
more highly nonlinear functional forms produced very erratic
results when driven with daily environmental variables.
This was not unexpected, since parameter estimates were gen-
erated using averaged data, and the daily values used for
testing often iay outside the range of these averaged values,

resulting in greatly magnified results for those points,
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8.) Attempts to alleviate the difficulties of T.) abovexthrough
the use of running and accumulative averages was only par-
tially successful,

9.) Variance propagation techniques appear to be a useful device

a for predicting expected uncertainties. In this study, these

techniques were used to verify that the uncertainties noted
during testing were reasonable for the primary data set used

to generate and test parameters.

Recommendations

The following recommendations are made based upon the investigations
conducted.

1.) The best combination of functions tested was the following:

Stage 0-1: R = 0,87870 - 0.00045898 TM
Stage 1-2: R = 0,07178k4 (DL - 0.2796) « {(4.6869 x 10"")('1‘x + 2.3876) -

by

(4.6618 x 10‘6)('3:x + 2.3876)2 + (2,3943 x 10
(T, + 2.3876) + (1.7055 x 10'5)(rrM + 2.3876)%)
Stege 2-3: R ={exp -6.22319 + 0,12008 Tx + 1.0337(DL -12) -
0.038591 TX(DL - 12)}
0.37980 + C,00611L45 Ty

Stage 3-4: R
Stage L4-5: R

exp{-17.6837 + 0.53654 T, + 0.33366 T, +
2.6105(D - 12) - 0,00803k0 Tx2 - 0.011335 TM2 -
0.u5kl1(D_ - 12)%},

2.) Future attempts at parameter estimation should be based upon

\ better, less "noisy" data, particularly as concerns
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phenolcgical reports, Current efforts at JSC to collect data

bases formulated from intensive test sites and blind sites
represent a desirable first step in this direction,

3.) The generalized least squares technique is recommended for
parameter estimation of any sort, rather than the more standard
linear regression techniques. The method can accomodate both
linear and nonlinear model forms, and provides useful ;ar-

iance information concerning parameter estimates,
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