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ABSTRACT

Models for weather data were explored using records for Manhattan,
Kansas, from 1900 through 1970. Precipitation was found to be independent
of antecedent con&itions, but a covariance model for minimum and maximum
daily temperatures proved satisfactory. Daily extreme temperatures were
regressed on the occurrence of precipitation during the preceding day and
the day of interest and on the deviations from normal of the preceding
two temperatures. Interaction terms were found to be insignificant.

Parameter estimates are listed for nine Kansas stations, Harmonic
analysis has been used to smooth the estimates. The Fourler coefficlents
are tabulated and mapped.

Simulation of Manhattan weather was attempted using randomly
generated precipitation, The distribution of wet and dry days was
found to be correct, but precipitation amounts were too uniform. This

did not degrade the temperature simulation,
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INTRODUCTION

Weather is a momentary state of the atmosphere, measured primarily
by atmospheric temperature, moisture content, wind speed, and air
pressure, Meteorology is the study of weather and its prediction.
Climate is the composite of day-to-day weather over a period of time for
a particular region. It varies with location but not from moment to
moment, Climate is ordinarily expressed by the distributions of
precipitation and temperatures. Climatology is the study of climate
and its effects.

Weather patterns affect everyone. Today's weather is of interest
to the housewife hanging ocut her wash and to the pilot taking off for
Kansas Clty. Next week's weather is important to the shopkeeper planning
a sale and to the farmer planning to harvest his wheat. Next winter's
weather 1s of vital concern to the university buylng heating fuel and to
the farm owner deciding what to plant. Man has been trying to control or
pPredict the weather since before recorded history. |

Prediction implies understanding, and understanding requires that
weather data be recorded aﬁd analyzed, Early Man had to rely on visual
observations and the lore which had been passed down by his ancestors.
With the invention of the themmometer and barometer in the seventeenth
century it became apparent that certain instrument readings, such as a
rapidly falling barometer, were good predictors of coming weather. The
development of accurate instruments, rapid communications, and high-speed

computers have provided great improvements in forecasting, but there is



much about weather that is not understood.

The Kansas Agricultural Experiment Station Weather Data Library is
involved in a contimuing effort to maintain and analyze Kansas weather
data. The present data network consists of 240 cooperative stations,
although records have been taken at 432 locations at one time or another
[ 1_/. Records from Leavenworth began in 1836, and Manhattan records
are continuous back to 1858, The Weather Data Library maintains over
one and a half million daily records on punched cards, representing 105
stations. Records for 24 stations with 70 years of punched data and 30
stations with 30 years of punched data are stored on magnetic tape.
Information needed for the use of this data is listed in the User's
Manual; an updated edition is belng prepared. The Weather Data Library
also makes available tabulations and summaries of data from all over
Kansas,

" The records on magnetic tape consist primarily of the three
variables most important to agriculture: daily precipitation and minimum
and maximum temperatures. For a few stations it is possible to obtain
records of humidity, wind speed, barometric pressure, evaporation,
insolation, and even hourly data, but they were not used in this study,

The nine stations (see Fig., 1) in this study all measure daily
precipitation in the morning, at 7 or 8 a.m. (see Fig. 2). This means
that the amount recorded on a daily weather reﬁord may have fallen at any
time during the 24 hours or may have been spread throughout. Most

Precipitation occurs at night, however.
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Three of the stations (Colby, Garden City, and Hays) record minimum
and mﬁ#imum temperatures in the morning; the remaining 6 record them in
the evening (see Fig. 2). It is not known what effect this has on the
results of the study; it has not even been verified that these same
measurement times have been used throughout the 70-year period., If an
effect is present it is partially confounded with both location and
elevation.

Daily mean temperature is not recorded directly, but may be
calculated easily as the mean of the minimum and maximum temperatures.
Heating, cooling, and growing degree-days may be calculated from the
mean temperature. Evapotranspiration and the Palmer Drought Index /2 7
may be estimated using all three of the weather variables.

Kansas is an excellent laboratory for the study of variation in
precipitation and temperatures; the in?eractions of major weather systems
over the state providé complex patterns of variation. The range of anmal
precipitation totals is from 16 inches in the southwest to 41 inches in
the southeast, The coldest temperature ever recorded in Kansas was 40
degrees (Fahrenheit) below zero on February 13, 1905, at Lebanon. The
hottest was 121 degrees at Fredonia, July 18, 1936, and at Alton, July 24,
1936. Monthly temperature averages range from 13.4 degrees at Oberlin in
Jamuary to 95.4 degrees.at Medicine Lodge in July. The anmual progression
of temperatures at Manhattan is shown in Figure 4.

While a single extreme temperature or heavy precipitation can be

damaging, a long serles of them can be disasterous. California's "Great



Freeze" of Jamuary 19, 1922, resulted in a total citrus loss of about
$50, 000,000, Kansas 1s subject to blizzards, such as the great blizzard
of 1886, but is more famous for its droughts, periods of little
precipitation (see Fig. 3) and high temperatures which destroy crops,
kill livestock, and erode the soil., The Dust Bowl days of the 1930's is
a well known example, although the drought of the 1860's may have been
equally severe. Ké.nsa.s is also troubled with floods, which destroy crops
and take lives.

These extreme weather patterns occur so seldom that tabulations and
summaries over a limited number of years may not reveal such events.
Proper modeling and simulation, however, allow inferences about rare
occurrences to be made, Simulation is the generation of pseudo-random
weather records using a model and parameter estimates derived from
climatological data. These records imitate the patterns of true weather
although they in no sense predict it.

Experimentation with different models and parameter values provides
insight into the mechanisms of the real weather. With luc;k a "fundamental"
model can be developed: one with a minimum of parameters, each easily
explained in terms of the real world. This report is one step toward
that goal; it provides a workable model for simulation of Kansas weather
data.
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OBJECTIVES

The ultimat;e goal of modeling and simulation of weather data is the
development of predictive equations for weather phenomena. Ti'lis sf.udy is
concerned with the more immediate goals listed below,

Statistical summaries and least square precedures provide estimates
of the parameter values at stations throughout Kansas. Regression theory
is used to explore and compare models, Hopefully these parameter estimates
and the corresponding models can be used in place of vast stores of
weather data to describe the climates at the evaluated stations.

Harmonic smoothing is used to clarify the patterns of variation in
parameter values throughout the year. The Fourier coefficeints may be
thought of as new parameters; together with the appropriate model they
provide an even more concise description of a particular climate.

Mapping of Fourier coefficients across the state may allow patterms
among stations to emerge, in which ca.s;:a it would seem reasonable that
weather data may Ee simulated at locations not in the original analyses.
Averaging of the coefficients across the state permits "Kansas weather"
to be describedl and simulated, although the results might not represent
the climate for any particular location.

Finally, computer simulation and subsequent statistical analysis can
be used to test a model for accuracy and for weaknesses. Simulation
permits the generation of thousands of years of data, providing counts
of drc;ughts and other rare occurrences which could not easily be predicted

from available data over a shorter span of years.



PREVIOUS RESEARCH

.Resea.rchers- with the aid of the Weather Data Library have been
investigating models for precipitation distributions for many years. An
early example is provided by the work of Feyerhemm and Bark /3 /.
Probabilities for transitions from dry days tc wet ones, and from wet to
dry, at ten Kansas stations were estimated for each week of the year. If
a first-order Markov model / 4 7 is assumed to hold, the probability of
a dry spell of exactly n days is

-1, p(wET| DRY)

P(WET) -P(DRY | WET ) - P(DRY | DRY)

Markov models for precipitation patterns have been investigated by
many researchers; references are given by Feyerhemm and Bark [ 5_7 and by
Ison [ 6,7_7. First and second-order Markov models were investigated by
Feyerherm and Bark [ 5,8_7 for weather data from the North Central
region of the United States. The first-order model was found to form
an excellent approximation to the distribution of wet and dry days in
Kansas.

Feyerherm and Bark used the method of Hartley [ 9_7 to determine the
mumber of terms in a Fourier series which are needed to adequately
represent the anmial cycles of the probability estimates. It was found
that terms beyond the fourth (i.e., the fourth harmonic) were generally
not significant. |

During wet periods the total amount of precipita;tion is an
important variable. Ison / 6,7 / obtained good results by fitting

parameters to a gamma distribution: a shape parameter which varles
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linearly with the length of wet spell and a scale parameter independent
of the length, The iterative procedure of estimation is due to Choi
and Wette [107.

Lundgren / 11_/ investigated regression models for the minimum and
maximum temperatures when the precipitation sequence is known. He
concluded that data more than one day prior to the modeled day were of
little value in predicting the new temperatures; thus his model may be
described as belng of first order.

For each week of the year and for each precipitation history
(DRY,DRY; DRY,WET; WET,DRY; and WET,WET on days t-1 and t) Lundgren used

the equations
bt = g PO (Hy p - B ) F 0Ty ~T ) + ey

Ly =Ty + CLL'(Lt—i "Ly ) * Oty - H )t
where t-2, t-1, and t (t =1,2,...,364). are consecutive days with day t

H

being within the week of analysis; L and H are the minimum and maximum
temperatures on the subscript day; L and H are the mean temperatures for
the subscript day and the given precipitaion history; CHH’ GLH' GLL' and
CHL are partial regression coefficients considered constant for the
analysis period; and eL and eH are the residual errors, assumed to be
nomally distributed with means zero and estimated variances sE and sﬁ,
respectively,

Lundgren's model involves 52 periods and four precipitatioﬁ histories,
each having four coefficients, four average temperature extremes, and

two error variances, a total of 2080 parameters per station. Fourlier



analysis of the parameter estimates enables each to be expressed as a

partial Fourier sum involving nine coefficients (i.e., four harmonics)

instead of 52; if Et-z and L are omitted since they can be derived, ,

the mumber of parameters is reduced to 288 per station.

THE TEMPERATURE MODEL

BACKGROUND
Lundgren's iﬁvestiga.tions were limited to data from Manhattan,

Kansas. This work began with an attempt to apply the same model to data

from other Kansas stations, notably Colby and Garden City. Two changes
were made to Lundgren's model: the dependent maximum temperature was
changed from day t-1 to day t, and two-week periods were used instead
of one-week periods,

The change in the dependent variable simplifies notation,
particularly with regard to precipitation history. The new equations
for each period and precipitation history are

Ly =Ty + 0y y - Ty ) v o Gy -F )t e

Hy = Hy o+ Crr(Hy g -8 ) + o (ny - Ty) + o
I_.undgren has indicated that the variance of e might be increased
slightly by this modication (without regard to the change in period
lengths).

The change to two-week periods was dictated by two considerations.
First, the programs then in use would have generated an unmanageable

amount of output for the 52 weeks at a cost of about $500 per station.

11



Second, analysis of western stations (e.g., Colby) during winter would
involve some weeks for which there had been no WET,WET data; there were
no two-week periods with this problem.

The programming system then in use involved sorting 70 years of
data into 102 files, one for each two-week period and precipitation
history. These files were used as input to STEPDEL, a sophisticated
computer program for multiple linear regression which was made available
by the Statistical Laboratory of Kansas State University. It was
necessary.to make 204 passes through the program since only one
dependent variable for one data set could be analyzed in one pass,

This system was awkward and expensive, and it generated an enormous
physical volume of output with only a few useful numbers per page; the
mmbers were not readily available as punched ocutput. These factors
spurred the development of a new program, LINMOD, which was specifically

designed to evaluate regression models for weather records.

THE REGRESSION PROGRAM

The FORTRAN IV program LINMOD (Appendix A) takes its name from the

field of linear statistical models - the use of matrix algebra to estimate

the parameters of statistical models. A good discussion of linear models

12

may be found in Searle /12 /. The program uses Moore-Penrose generalized

inverses, which are discussed by Graybill [ 13_7.

LINMOD can perform multiple linear regressions, analyses of variance,

and anlyses of covariance. Up to nine models may be specified in each
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run, with up to seven independent variables per model. Computations are
carried out in single precision (i.e., seven significant digits). It
would have been better to use double precision, although computational
errors are probably small compared to the standard deviations of the
parameter estimates.

The weather tapes used for input are in chronological order, one
station per tape, The data is read from the tape using the COBOL
subroutine RDREC (see Appendix C) and is stored on a disk pack as a
direct acéess data set., This data sgt may be saved to avoid the cost of
reconstructing it on subsequent runs ($30 for 70 years of data),

For each two-week period (or shorter period, if specified) data are
gathered from each year to fo:ﬁ a new file, The first period begins with
March 1, the start of the climatological year; this avoids complications
with February 29. The records in the new file are composed of six
variables: the precipitation and minimum and maximum temperatures for
‘day t-1 and the same information for day t. The symbols for these

variables are W L

t-10 Dpogr Hpoge Weo Do t
statistical summary of these variables including means, variances,

and H,. LINMOD prints a

standard deviations, standard errors of the means, coefficients of
fariation, cross-products, covariances, and correlations.

Each model may specify a regression of one of the variables on a
subset of the others. Two types of transformation are also available:
deviates and incidence variables. A deviate is simply an original

variable from which has been subtracted the average observed value-for



the period (LINMOD is unable to form deviates around any value other than
the average); an example of the notation for a deviate is (Lt - Ei). An
incidence variable is one which is set to 0.0 if the original variable is
less than or equal to 0.0 and is set to 1.0 if the original variable is
positive. The incidence variables used in this study, It-i and It'
correspond to wt-i and Ht and represent the occurrence of 0.01 inch or
more of precipitation. |

The product of any pair of independent variables (or transformed
variables) in the model may also be formed, providing the models with
interaction terms which measure the joint effect of a pair of variables
beyond the sum of their main effects. Interaction terms may not be
specified for variables omitted from the model.

LINMOD prints a statistical summary of the model variables which is
identical in form to that for the original six variables. An analysis of
variance table for the regression is printed, including R? (the
coefficient of determination), the parameter estimates, their standard
deviations, 95% confidence intervals, standardized values, sums of
squares, t-test (for the tests of whether the parameters are significantly
different from zero), the two-tailed probabilities of greater t-values,
the R2 values which would result from deleting each variable from the
model, and the variances and covariances of the estimates. Unfortunately
the correlations of the estimates are omitted, although they may be
computed from the matrix of covariances.

Punched cutput includes the means and covariances of the original

14
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six variables, the means and covarlances of the model varliables, and the
parameter estimates and their covariances; this amounts to just over
1000 cards. For the purposes of this study it would have been adequate
to punch only the parameter estimates and the residual mean squares, sf
and sﬁ.

If desired a LINMOD run may be restricted to a subset of the
" available records, such as those having precipitation on both day t-1
and day t. (Such selection may also be done for a single model within
& run, but this is less efficient and does not provide the nmumbers
around which deviates have been formed.) Selection may only be made by
precipitation history, but may specify conditions on either or both days.
This feature was used to check the program's functioning by recomputing

values produced by the previous programming system.

PRELIMINARY INVESTIGATION

The LINMOD program is flexible enough to permit many models to be
tried. One measure of the success of a model is Rz, the coefficient of
determination., It is the ratio of the sum of squares due to regression
to the total sum of squares, and represents the proportion of the variance
of the dependent variable explained by the model. The square root of R2
is the simple correlation between the predicted and actual temperatures.

Evaluation of the model

Hy = Hy o+ Cgr (Hy g - Hyg) # Opgpe(Ty - L) + oy
or the similar form
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By =Cy + Cp'Hy 4 + Gl + ey
for the firstr two periods of March (and for 70 years of Manhattan data)
gives an average R2 value of 0.551. Thus 59% of the variance of H, can
be "explained" without the use of precipitatlon history or interaction
terms.

Lundgren's model involves separate parameter estimates for each of
the four precipitation histories. Evaluation of the above equations for
WET,WET records gives an average Rz of 0.610 for the two periods., For
many purp;)ses the increased power of the model may not be worth the
increased complexity.

The number of parameters may be reduced by combining Lundgren's
four regression equations for Ht into a single equation. In the
terminology of covariance models (described in Snedecor and Cochran [ 14_7
and in Searle / 12 /) the precipitation history foms a two-way
classification and the deviates of the previous two temperatures are
covariates. The equation is
Hy =y + Cy oy g Ty g * Oy Ty *+ O (g - Hy ) + 0 (T, -Tp) + oy
The terms of this model are described fully in the next section. Note
that the constant term of Lundgren's model, H,, has been broken into
fhree terms with the sum depending on the precipitation history.
Essentially what has been done is to use a separate constant term for each
precipitation history, but to keep the remaining parameters constant. The
value of RZ for unrestricted records is 0.606, negligibly less than the

value for WET,WET records with Lundgren's model.



