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SUMMARY

A relatively simple stochastic model for simulating wind speed time
series that can be used as an alternative to time series from representative
locations is described in this report. The model incorporates systematic
seasonal variation of the mean wind, its standard deviation, and the correlation
speeds. It also incorporates systematic diurnal variation of the mean speed
and standard deviation., To demonstrate the model capabilities, simulations
were made using model parameters derived from data collected at the Hanford
Meteorology Station, and results of analysis of simulated and actual data were
compared.

Generally, the major features found in the analysis of real data can be
identified in the analysis of the simulated data. The frequencies of high
hourly and daily average wind speeds are underestimated slightly by the model.
However, the model is useful in its current state for examining the spatial
correlation of winds at potential wind energy conversion sites, and for evalu-
ating techniques for adjusting climatological statistics derived from limited
observations.
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INTRODUCTION

Recent wind energy studies have demonstrated a general need for consistent,
Tong-term wind speed time series data. This need is particularly apparent in
the evaluation of wind energy conversion system economics for utilities, where
the value of wind energy depends on the correlation between energy availability
and demand. The current trend in economic studies is to use data from a "repre-
sentative location" to incorporate realistic wind variability into economic
models (e.g. JBF Scientific Corporation 1979; Electric Power Research Institute
1979; Kahn 1978; Sorensen 1978). Even the wind simulation model developed by
Cliff et al. (1978) for use in studying the economics of dispersed arrays of
wind energy conversion systems depends upon the availability of a time series
from a representative location.

This dependence on a time series from a representative location has several
drawbacks: among them are the problems attendant in finding a representative
location and selecting a typical time series, and the problem of attempting to
generalize from results based on a specially selected time series. A problem
also arises if a representative location isn't found or doesn't have an adequate
wind speed time series.

This report describes a relatively simple stochastic model for simulation
of wind speed time series that can be used as an alternative to those from repre-
sentative locations. Chou and Corotis (1981) have also developed a simulation
model that does not require a time series for a representative location; however,
jts full implementation requires the user to specify values for 324 parameters.
Qur simulation model requires specification of at most 21 parameters.

Qur simulation model is developed in the next section by treating wind speed
as a locally stationary stochastic process in which random variability is super-
imposed upon a mean wind that includes systematic, deterministic seasonal and
diurnal variations. The magnitude of the random fluctuations is allowed to
undergo seasonal and diurnal variations, and seasonal variation of the auto-
correlation is permitted. To test the model, wind data were simulated for the
50-foot Tevel of the meteorological tower at Hanford, Washington. The simulated
wind data and actual data from the tower were analyzed and the analyses are



compared. Statistical measures used include cumulative frequency distributions,
persistence of high wind speed events, and autocorrelations. Computer programs
for the simulation model and evaluation of model parameters are presented in
appendices.



MODEL DEVELOPMENT

With sufficient past and current information and computer resources, the
equations of fluid dynamics can be used to predict wind a short time into the
future. However, such an approach to simulation of wind time series for wind
energy studies is impractical both computationally and economically. It is
more realistic to treat wind as a stochastic process and attempt to model the
process in a way that incorporates the essential features of observed data.

As a basis for model development, we make the fundamental assumption that
the wind at any location can be described in part by a long-term mean wind
speed that is not a function of time. In practice this speed can only be
estimated with observed data. The estimate improves as the period of observa-
tion increases so that a reasonably stable estimate results when 10 to 20 years'
data have been obtained.

We also assume that there are no systematic variations with periods
longer than a year. Thus we can concentrate on wind speed variations within a
year.

These shorter variations of the wind are related to the development and
passage of synoptic scale weather systems and local circulation patterns. As
a result, we expect systematic seasonal and diurnal cycles to be present in
the wind. These cycles may be affected by local topographic features. We do
not attempt to define these relationships or the effect of topography.

Having placed these bounds on the model to be developed, we explore
possible model forms. Most routine statistical analyses applied to random
data assume that the data are representative of a stationary process. (The
requirements for stationarity are discussed at length in texts on statistics
and random variables, e.g., Bendat and Piersol 1971, and Papoulis 1965.) For
a random process to be stationary in a wide sense, the expected value (mean)
of the process must be independent of the time of observation and the auto-
correlation in the process must be a function only of the separation between

observations. For wind speed to be considered a stationary process, even in
the wide sense, there should be neither seasonal nor diurnal variations in the



mean. However, we have assumed both seasonal and diurnal variations in the
driving force for the wind. Thus we are faced with development of a model for
a nonstationary process.

Bendat and Piersol (1971) describe three types of nonstationarity in data
and discuss possible methods for their treatment. The types of nonstationarity
discussed include: time-varying mean value, time-varying mean square value
and time-varying frequency structure. In general, wind speed time series can
be expected to exhibit each of these features. Thus, we start with the following
generic model for wind speed

U(t) = F(t) + G(t)X(t) (1)
where:
U(t) is the wind speed time series to be estimated
F(t) is the time-varying mean speed
G(t) is the time-varying standard deviation of the random fluctuations
X(t) is a random variable with zero mean, unit variance and positive lag-one

autocorrelation.

In the remainder of this section we will develop expressions for F(t), G(t) and
X(t).

THE MEAN WIND SPEED

The way in which we specify the mean wind speed is one indication of the
extent of our knowledge of the wind. If our knowledge is meager we may only be
able to specify a single, long-term average. As our information increases we
can begin to describe the variation of the mean in time. Both seasonal and
diurnal variations can be expected.

On the basis of the factors, we will assume that the time-varying mean
can be adequately described by a low-order Fourier series:

_ . (2nt . (2ut
F(t) = AO + A-I s1n (8—76—6'+ ¢0> + A2 sin <§4—+ q)z). (

n
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AO is the Tong-term mean speed. A] and A2 are the amplitudes of the seasonal
and diurnal components of the mean variation, and % and ¢2 are phase angles
needed to match the timing of wind characteristics at specific locations. If
more detail is required in specification of the diurnal variations both A2 and
¢, can be permitted to undergo seasonal variation. Thus, the last term in (2)
may be expanded to:

. 2t . 2mt . 2nt
[A; + Ag s”‘(m" 9 >] sin [57~+ ¢, + ¢5 sin <W6_+ ¢4>]' (2a)

THE STANDARD DEVIATION OF THE RANDOM COMPONENT

The random component of the wind speed is modeled in two parts: a random
variable with zero mean and unit variance, and a standard deviation that is used
to scale the random variable. We will permit the standard deviation to vary in
time as we did the mean.

Following the same logic that led to the Fourier series representation of
the mean wind speed, we assume a Fourier representation for the variation of
the standard deviation of the random component. Thus,

G(t) = BO + B-I sin <§‘7’6“6‘+ 60> + Bz sin <?4—+ 62>. (3)

The parameters of (3) are analogous to those in (2), and again 82 and 6, can be
expanded to include seasonal variations, i.e. the last term on the right becomes

. 2nt . 2nt . 2nt
[B, + By sin <8766 * 61>] sin [57=+ 8, + 85 sin <8766 * e4>]'

THE RANDOM VARIABLE

To a small extent we have already defined the random variable. We have
required zero mean and unit variance (also standard deviation). The requirement



for zero mean is necessary if we are to preserve the mean wind speed during
simulation. If a non-zero mean were permitted for the random variable, the
Tong-term mean of a simulated time series would not be equal to AO’ Similarly,
if the random variable were not required to have unit variance, it would be
difficult to match the wind speed variability of a specific location in simu-
lation. Finally, there should be a positive correlation between consecutive
random variables. This requirement is imposed in recognition of the role of
synoptic conditions in determining winds.

The random variable X(t) in (1) is a single sample drawn from an as-yet-
unspecified probability distribution. To obtain the proper correlation between
consecutive samples we will generate X(t) from X(t-1) in the following manner:

X(t) = Y(t) + rx(t-1) : (4)

where Y(t) is drawn from a probability distribution with zero mean and unit
variance and r is the autocorrelation coefficient. The sequence X(t) is a
Markov series. If Y(t) is drawn from a Gaussian distribution, X{t) is also
Gaussian.

However, wind speed distributions are generally not Gaussian. They tend
to be positively skewed with wind speeds below average occurring more than
50% of the time and extremely high speeds occurring more frequently than
expected from a Gaussian distribution. The Rayleigh distribution has frequently
been used to model the distribution of wind speeds. The Rayleigh distribution
is not directly suitable for Y(t), because it has a non-zero mean and does not
include negative values. These deficiencies can be corrected by a relatively
simple transformation of variables. If Y'(t) is drawn from a Rayleigh distri-
bution with mean Y and variance 52, then the variable Y(t) = [Y'(t) - Y]/S has
zero mean, unit variance and is positively skewed. We will refer to this dis-
tribution as a standardized Rayleigh and denote it by R{0,1).

The distribution of X(t), when generated using the R(0,1) variate Y(t), is
neither Rayleigh nor Gaussian. It varies as the autocorrelation coefficient



varies from zero to one. For small correlations, the distribution is approxi-
mately R(0,1) and at high correlations the distribution tends toward Gaussian.
The characteristics of the distribution X(t) are described in more detail in
Appendix A.

In a Gaussian Markov series, the autocorrelation between values decays
exponentially with increasing separation. In the atmosphere, we would expect
the autocorrelation to be a function of season. As a result, we model the
autocorrelation as:

r(t,t) = exp[-A(t)-1] (5)

where A(t) is a decay constant that describes the time variation of r, and T
is the separation. Functionally, we will assume that

Mt) = g + Ay sin @%6 + y) (6)

and restrict our immediate consideration to the correlation between consecutive
samples (T = 1).

Thus, the full wind speed simulation model requires specification of 21
parameters: 9 to describe the variation of the mean, 9 to describe the variation
of the standard deviation of the distribution, and 3 to describe the variation of
the autocorrelation. These parameters may be determined from available data, or
they may be estimated from data available from nearby or similar locations. If
the data available for parameter estimation are limited, it may be necessary to
simplify the model. This can be accomplished by setting some of the parameters
to zero. Setting A], A2, A3, B]’ 82, 83 and A] to zero reduces the model to:

U(t) = Ag + BOX(t) (7)

which requires specifications of only three parameters, AO’ B0 and AO.






MODEL PARAMETER EVALUATION

A simulation model is useful only if model parameter values can be deter-
mined from available data. In this section we discuss the evaluation of para-
meters for the model just described. The order of evaluation is important.
Parameters involved in the description of the mean should be evaluated first, the
parameters for description of the variation of the standard deviation should be
evaluated next, and those for description of the autocorrelation last. Further,
it does not make sense to describe the variation of the standard deviation or
the autocorrelation in more detail than is used for description of the mean. For
example, if the description of the variation of the mean is limited to seasonal
variation, no attempt should be made to account for the diurnal variation of
standard deviation,

Evaluation of the parameters for description of the mean wind speed begins
with estimation of the long-term mean and the seasonal variation of the mean.
If the long-term mean is known, the value of AO is also known. Long-term mean
speeds are readily available for many locations, or can be estimated to within
about 10% accuracy with 90% confidence with a single year's measurements (Rams-
del1, Houston and Wegley 1980). It is also relatively easy to obtain monthly
average wind speeds. These averages can be used to estimate both the Tong-term
mean and the seasonal variation of the mean. Bloomfield (1976) describes the
determination of coefficients of a Fourier series. In our case we need only
fit a first-order series with a period of one year to the monthly averages to
obtain estimates of AO’ A1 and 9q- Computer programs for analysis of data and
time series simulation are presented in Appendices B and C.

Evaluation of parameters to describe the diurnal variation of the mean
follows the same format as the evaluation of the seasonal variation. Essentially
the only differences are that data averaged by time of day are required, and the
period of the variation is 24 hours instead of 1 year. The difference in per-
jods between the seasonal and diurnal variation is sufficiently large that
monthly average wind speeds for each hour of the day may be used in evaluating
parameters for the diurnal variation without incurring a significant loss of
information. Monthly average wind speeds, as a function of time of day, are



contained in climatological publications including the Local Climatological
Data (LCD) Monthly Summaries published by the National Climatic Center.

Table 1 contains a summary of 15 years' wind data for the 50-ft level at
the Hanford Meteorology Station (HMS), Washington (Stone, Jenne and Thorp
1972). This table contains all of the data necessary to evaluate the 9 parameters
in the model related to the mean wind speed. The last row and column in the
table each contain summary data; the last row gives monthly averages and
the last column gives annual averages by time of day. The speed in the bottom
right-hand corner of the table is the long- term average. Thus, if we only
need AO’ it can be read directly from the table. If we are only interested in
the seasonal variation of the mean, we only need the last row. If we are
interested in the seasonal and diurnal variation of the mean, but do not want
to include the seasonal variation of the diurnal variation of the mean, we
need only the last row and last column.

To determine the full set of parameters, we start with the January data
and fit a first-order Fourier series to determine a mean and the amplitude and
phase of the diurnal variation about the mean. This process is repeated for
each month; we end up with 12 means, amplitudes and phase angles. Next we fit
a first-order Fourier series to the 12 means. This gives us our estimates of

0°
and ¢]. Finally we use the same procedure to get ¢2’ ¢3 and ¢4 from the phase
angles.

A A1 and ¢0. We then repeat the process with amplitudes to obtain A2, A3

Evaluation of the parameters for the standard deviation proceeds in the
same manner as the evaluation of the parameters for the mean. If a table
similar to Table 1 can be prepared, all nine parameters can be determined.
Otherwise, it may be necessary to limit the variability modeled.

The total variability of the wind is composed of systematic and random
components. The contribution of the individual components in the current model
is:

2,

2
3 )

B

“48,0)/2 + A /4 (8)

1 3

where 52 is the total wind speed variance. This relationship can be used to
adjust the magnitude of B0 as more detail is included in the model.
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TABLE 1. Monthly and Annual Hourly Average Wind Speeds (mph) for the HMS 50-Ft
Level: 1955-.70

Hour
Beginning
(PST) J F

=
b
=
[
Ca
b
w
(e ]
=
o
-

. e . . . e e e e e« s e e
O WO W O BN O PR~ OO WWOW oW N W NN OO~ WY

00 6.2 6.9 8.2 8.7 9.0 9.9 9.8 9.1 7.9 6.6 6.1 6.1 7.
01 6.1 6.7 8.0 8.4 8.5 9.1 9.0 8.3 7.3 6.3 6.1 6.0 7.
02 6.0 6.7 7.9 8.0 7.9 8.4 8.1 7.5 7.0 6.0 5.8 6.0 7.
03 59 6.6 7.5 7.5 7.6 7.7 7.5 6.9 6.8 6.0 5.7 5.8 6.
04 5.8 6.6 7.3 7. 7.3 7.5 7.1 6.5 6.3 5.8 5.8 5.8 6
05 5.7 6.5 7.2 6.9 6.6 6.8 6.5 6.0 6.1 5.8 5.5 5.5 6
06 5.6 6.3 6.9 6.5 6.9 7.7 7.1 5.6 5.5 5.5 5.3 5.5 6
07 5.5 6,0 6.6 7.6 7.2 7.5 6.9 6.1 5.9 5.2 5.2 5.4 6
08 55 6.2 7.5 8.4 6.8 6.9 5.6 5.6 6.3 5.4 5.2 5.4 6
09 5.6 6.6 8.0 8.2 6.6 6.5 5.2 5.2 6.1 6.2 5.9 5.3 6
10 5.9 6.8 8.4 84 6.8 7.0 5.6 5.3 6.2 6.4 6.3 5.7 6.
11 6.5 7.3 8.8 8.6 7.2 7.4 6.1 5.6 6.6 6.3 6.5 6.1 6
12 6.9 7.7 9.2 9.1 7.6 7.6 6.5 6.0 7.0 6.8 6.6 6.3 7
13 6.8 7.8 9.7 9.6 8.1 8.1 7.2 6.6 7.0 7.2 6.7 6.4 7
14 6.7 7.9 10.1 10.2 8.7 8.7 7.7 7.2 7.6 7.4 6.4 6.3 7.
15 6.2 8.0 10.2 10.5 9.4 9.4 8.3 7.8 81 7.5 6.3 6.0 8
16 6.2 7.6 10.4 11.1 9.9 10.5 9.1 8.5 8.5 7.3 6.1 6.0 8.
17 6.4 7.4 9.6 11.3 10.7 12.0 10.3 9.5 8.8 7.4 6.5 6.2 8.
18 6.7 7.7 9.4 10.9 11.2 12.9 11.4 10.3 9.1 8.0 6.4 6.2 9.
19 6.8 7.6 9.5 10.9 11.3 13.0 12.1 11.2 9.8 7.9 6.4 6.1 9
20 6.6 7.6 11.0 11.0 11.4 13.0 12.8 11.8 9.7 7.6 6.4 6.0 9.
21 6.4 7.3 9.1 10.5 11.5 12.8 13.2 12.0 9.3 7.4 6.2 6.0 9,
22 6.1 7.3 8.4 9.9 10.6 12.1 12.3 11.0 8.7 7.1 6.2 6.0 8.
23 6.1 7.2 8.3 9.1 9.8 10.9 10.7 9.9 8.1 6.8 6.2 6.1 8
AVG 6.2 7.1 8.6 9,1 87 9.3 8.6 7.9 7.5 6.7 6.1 5.9 7
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As an example of this use, assume that, initially, wind speed data are
available in the form of frequency distributions for each month. These dis-
tributions provide sufficient information to estimate AO’ A1, B0 and B]. They
can also be combined to form a single frequency distribution that provides a
direct estimate of 52. If we gain additional information that permits us to
model the diurnal variation of the mean speed, that variation must be included
without increasing the total wind speed variance. 52, A] and B1 must all remain
constant. Thus, we must decrease BO‘ The new value of B0 becomes

b 2 2 2 1
Similar corrections would be required if an initial modeling effort were made
with the simple model given in (7) and then additional information permitted
modeling the seasonal variation of the mean and the standard deviation.

The standard deviations needed to calculate the parameter values can be
computed directly from wind speed observations, or they can be computed from
wind speed frequency distributions. Wind speed frequency distributions are
published in many places. The older issues of LCD Monthly Summaries (1964
and earlier) contain wind speed frequency distributions by time of day for
each month, as well as composite distributions for the month. Annual wind
speed frequency distributions are presented by state in the Wind Energy
Resource Atlas (PNL-3195; 1980, 1981) prepared for the Department of Energy's
Wind Energy Program, and Changery, Hodge and Ramsdell (1977) have prepared an
index to summarized wind data available from the National Climatic Center in
Asheville, North Carolina.

If available data will not support a quantitative evaluation of the phase
angles required by the simulation model but the approximate times of wind speed
maxima are known, the phase angles can be estimated from Table 2.

Unlike the evaluation of parameters for the variation of the mean and
standard deviation, the evaluation of the parameters for the variation of the
autocorrelation is not generally possible from standard wind data summaries.

12



TABLE 2. Approximate Phase Angles for Use with Qualitative Wind Data

Time of Seasonal Time of Diurnal Phase Angle Phase Angle
maximum maximum (degrees) (radians)
Jan 15 0100 75 1.3090
Feb 15 0300 45 0.7854
Mar 15 0500 15 0.2618
Apr 15 0700 -15 -0.2618
May 15 0900 -45 -07.854
Jun 15 1100 -75 -1.3090
Jul 15 1300 -105 -1.8326
Aug 15 1500 -135 -2.3562
Sep 15 1700 -165 -2.8798
Oct 15 1900 165 2.8798
Nov 15 2100 135 2.3562
Dec 15 2300 105 1.8326

The difficulty in evaluation of the parameters arises in the product of time-
lagged wind speeds required for calculation of the autocorrelation. The auto-
correlation for unit time lag can be computed from

I - E!it)U(t - 1)

T FOFE =
A6 ! ))( L (9)

1

where the overbar denotes a time average at time t, which may be a particular
hour of the day in a given month, or an hour of the month, and it is understood
that X(t)X(t - 1) = r(t). The dependence on t is retained because we have
assumed that the autocorrelation is subject to seasonal variations.

From (9) it is clear that the value of r(t) is dependent upon the way in
which F(t) and G(t) are described. If we know no more than the annual mean
and standard deviation, then the autocorrelations computed from hourly wind
speed observations may be significantly different than those computed if we
know and remove the seasonal diurnal variations of the mean. Autocorrela-
tions reported in the literature (e.g., Corotis, Sigl and Cohen 1977; Justus,

13



Hargraves, Mikhail and Graber 1978; Justus, Mani and Mikhail 1979) should be
used with caution until the user is satisfied that the systematic variation of
the mean was properly treated in their computations.

Evaluation of the product of hourly wind speed observations can be
accomplished in smart data loggers, but is not a commonly reported statis-
tic. To be useful, this statistic must be tabulated by time of day, if
diurnal variation is to be incorporated in the autocorrelation, or by month it
the autocorrelation is to be limited to seasonal variations. Considering the
relatively wide band of uncertainty about correlation coefficients computed
from data with a Timited number of degrees of freedom, we recommend that exten-
sion of the model to include diurnal variation of the autocorrelation coef-
ficient not be considered.

If archived wind data must be used to compute the autocorrelation, it is
necessary to properly account for the time lag between observations. Since we
are primarily concerned with the simulation of a representative sequence of
hourly observations, our basic time increment is 1 hour. The observations
tabulated in recent LCD Monthly Summaries are taken at 3-hour intervals. If we
wish to use them to estimate the autocorrelation at a time lag of 1 hour, we
must account for the difference in observation frequency. To do this we can
assume that the variations in A(t) are slow compared to the change in T in
(5). With this assumption, we compute A(t) as follows:

A(t) = -In [r(t,t)]/t (10)

where 1t is 3 for observations reported 8 times a day, as is the current prac-
tice in the LCD Monthly Summaries.

14



MODEL PERFORMANCE

Simulation of hourly observations was conducted five times using models
of increasing sophistication. The parameters for each of the simulations are
given in Table 3. In model 1, hourly observations were simulated without includ-
ing any systematic varjation in the mean, standard deviation or autocorrelation.
In model 2, seasonal variations of the mean were added, etc. Model 5 includes
seasonal and diurnal variation of the mean, and seasonal variation of the
standard deviation and autocorrelation. When reference is made to an hourly
wind speed simulation model without specifically indicating one of these models,
model 5 can be assumed.

TABLE 3. Hourly Model Parameter Values Derived from HMS Data
Parameter Model 1 Model 2 Model 3 Model 4 Model 5

A0 7.97 7.97 7.97 7.97 7.97
A] 1.62 1.62 1.62 1.62
% -1.04 -1.04 -1.04 -1.04
A, 1.65 1.65 1.65
A3 1.41 1.41 1.41
o -1.54 -1.54 -1.54
¢ 0.311 0.311 0.311
¢3 2.96 2.96 2.96
¢4 -2.37 -2.37 -2.37
B, 5.87 5.64 5.39 5.34 5.34
B 0.619 0.619
89 0.688 0.688
Aq -0.477 -0.477 -0.477 -0.477 -0.477
M 0.158
Y -1.419

The models all reproduced those systematic variations that were incorpo-
rated within the 1imits of the random variability introduced in the simula-

tions. There were no noticeable changes in phase of either the diurnal or
seasonal variations.

15



The frequency distributions for hourly data simulated with the five models
were essentially identical. Figure 1 shows the cumulative distribution for the
simulated data and compares it with the cumulative distribution for data from
Hanford. The cumulative distribution is also compared with the standardized
Rayleigh and Gaussian distributions. The actual wind speed distribution is
reasonably approximated by the R(0,1) distribution, although it has a larger
frequency of occurrence of extremely high speeds than would be expected from
the R(0,1) distribution. The distributions of simulated speeds match the
R(0,1) distribution at speeds above the mean, and consequently the frequen-
cies of high simulated speeds are lower than the observed frequencies. The
differences are somewhat exaggerated by the expanding frequency scale used in
the figure. The actual data indicate that standardized wind speeds less than
about 3 occur about 98.9% of the time, while the model has them occurring about
99.6% of the time. Standardized speeds are determined from the actual speeds
by removing the mean and dividing by the standard deviation. They are used
exclusively in the remainder of this discussion. "

The persistence of high wind speed events in the simulated data is des-
cribed in Figure 2 for three standardized wind speeds. It does not appear that
the number of parameters used in the model has much effect on the frequency of
short-term persistence events. As the length of the events increases, however,
model complexity becomes a factor. The frequency of occurrence of 12-hour
events in which the speed exceeds 0.5 was a factor of 3 larger for model 5 than
it was for model 1.

It appears that after an initially rapid decay, the decrease in frequency
tends to become exponential. Corotis, Sigl and Klein (1978) have previously
reported an exponential model giving good fits to persistence frequencies.
They have also described a power law model. Sigl, Corotis and Won (1979)
also present a power law model.

The simulated hourly data were combined to approximate daily wind speed
averages. The cumulative distribution of averages thus formed is compared with
the distribution of observed daily averages in Figure 3. The differences between
the distributions are significant. The simulated daily averages show an approxi-
mately N(0,1) distribution, while the distribution of the actual averages is more

16
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nearly R(0,1). When monthly averages of the simulated hourly data were formed
there were similarly large differences between simulated and actual cumulative
distributions.

The model was rerun in an attempt to simulate the daily average wind speeds
directly, and a modified model was run to simulate the monthly average speeds.
Parameters used in these models are listed in Table 4. In the modified model,
the random variate was assumed to have an N{(0,1) distribution rather than an
R(0,1) distribution. In other respects the modified model was unchanged from
that used for the daily and hourly wind speed simulations.

TABLE 4. Parameter Values for Daily and Monthly Average Wind Speed Models

Daily Monthly
Parameter Average Average
Ag 7.88 7.68
A] 1.68 1.63
9% -0.948 -0.998
Bg 3.56 1.04
B] 0.700 0.390
% 0.975 1.167
AO -1.458 -1.510
A] 0.232
Y 1.050

Figure 4 shows the distribution for the results of the direct simulation of
daily averages along with the cumulative distribution of the observed data. The
improvement of direct simulation of daily averages over averaging simulated
hourly speeds is significant.

The persistence of days with wind speeds above the mean is shown in Fig-
ure 5. Simulating daily averages directly and averaging simulated hourly data
both give good approximations to the observed persistence frequencies. The
comparison is particularly good Tor a standardized wind speed of 0.5. For the
higher speeds, the frequencies are slightly underestimated. It should be noted
that these statistics are for end-to-end 24-hour periods.
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The autocorrelation of daily average wind speeds is shown in Figure 6. The
direct simulation of daily averages is again shown to provide results that more
closely match the actual data than averaging simulated hourly data. The figure
also shows the effect of the seasonal trend on the autocorrelation. It is
responsible for essentially all of the correlation in the daily averages derived
from simulated hourly data and for the correlation for lags of 3 days or more
in the daily averages simulated directly.

Cumulative frequency distributions for monthly average speeds are compared
in Figure 7. Direct simulation of monthly averages gives an extremely good fit
to the actual data. Averaging simulating and daily data does not give an ade-
quate fit to the cumulative distribution of observed monthly averages. By
averaging the hourly data most of the random variability introduced in the
simulation is eliminated. As a result, the remaining variability is from the
systematic seasonal variation of the mean. The cumulative frequency distri-
bution shown for the monthly averages formed from the hourly data is close to
the sigmoid curve that would be expected from the distribution of points on a
sinusoid.

The autocorrelations of the monthly average data shown in Figure 8 further
demonstrate the decrease in random variability associated with averaging the
simulated data. The autocorrelation of the hourly data closely follows the
cosine curve that represents the autocorrelation of points along a sinusoid.
The autocorrelation of monthly averages simulated directly follows the auto-
correlation of the data, and the autocorrelation of the averaged daily data
falls between the other two sets.

Finally, Figure 9 shows the persistence statistics for the monthly average
speeds.

23



ve

AUTOCORRELATION

T 17 T 1T T 7 T 17 T T 7T 717 T 1T T T T ]

~——— OBSERVED CORRELATION AT HMS
® COMPUTED FROM SIMULATED DAILY AVERAGES
O FROM SIMULATED DAILY AVERAGES, SEASONAL VARIATION REMOVED B
A  FROM DAILY AVERAGES OF SIMULATED HOURLY DATA

A
o.z—g\éAAAAAAAAAA ADAADAAA A

O
- 0 ® 0 0 60— T o ¥ 0 6 0—9—-0—0_0_0"
- O 6o 0000 O0O©OO O o0 0 O O O
S, Y PSS (N IS N (N N [ N SN N [ Y U RN [ T A T A —

0 2 4 6 8 10 12 14 16 18 20
' TIME LAG (DAYS)

FIGURE 6. Autocorrelations of Simulated Daily Average Wind Speeds with Comparative Data



| | I | | I B i i ] I I°|,7’

o v
— HMS DATA (31 yrs) o SN
2.0~ @ SIMULATED MONTHLY DATA (100 yrs) S -
0 MONTHLY AVERAGES FROM °/‘/‘
SIMULATED DAILY DATA (25 yrs) o, &,

- & MONTHLY AVERAGES FROM
SIMULATED HOURLY DATA (10 yrs)

-==N(0, 1)

STANDARDIZED WIND SPEED .
o
I
1

Qe
o7
- (’)/. -
0%
a
o
2.0F /" i
I,.
/e
| | | | | | { | N | | } | |
1 2 5 10 20 30 405060 70 80 90 95 98 9999.5

CUMULATIVE FREQUENCY (PERCENT)

FIGURE 7. Cumulative Frequency Distributions of Simulated Monthly Average
Wind Speeds with Comparative Data

25



AUTOCORRELATION

— HMS DATA (31 yrs)

® SIMULATED MONTHLY DATA (100yrs) Vi

O MONTHLY AVERAGES FROM SIMULATED /
DAILY DATA (25yrs) // A

A MONTHLY AVERAGES FROM SIMULATED /

HOURLY DATA (10 yrs) /
—— COSINE (27 LAG/12)

-0.2 ]
-0.4 % =
\ © o) //

-0.6 I~ \ o / =
' A N

-0.8 [~ \ / -

\ A/
N s/
-1.0 | | i 1 I P | i ] |
0 2 4 6 8 10 12
TIME LAG (months)
FIGURE 8.

Autocorrelations of Simulated Monthly Average Wi d i
Comparative Data d ] e Speeds with

26



100 n T T T T T T T T B ]
i ® SIMULATED MONTHLY DATA (100 yrs)
i O MONTHLY AVERAGES FROM 7
— SIMULATED DAILY DATA (25 yrs) 7
-8 a MONTHLY AVERAGES FROM T
- SIMULATED HOULY DATA (10 vyrs) 4
- i ]
Z o a
u °
& o O
— - 1 N
w (o)
S I % ]
g o 8 . N
o ° o
o - & i
o) i LN a0 i
8 7, ° N
) (o) o O-.s\ i
w - a v
o o ‘90
>
2 g
1 ° (o) =]
s F ? o ]
o) - \ i
w = P -
E . ‘o -
R i
o -
B °
10'1 . | L | 1 ] 1 1 {
0 2 4 6 8 10
CONSECUTIVE MONTHS
FIGURE 9.

Persistence of Above Average Simulated Monthly Average Wind Speeds

27






CONCLUSIONS

A time series model has been developed for the simulation of wind speeds.
The model provides for the incorporation of systematic seasonal variation of
the mean speed, its standard deviation, and the correlation coefficient. It
also provides for incorporation of the systematic diurnal variation of the
mean speed and the standard deviation.

As a demonstration of the model capabilities, a number of simulations
have been made using model parameters derived from data collected at the Han-
ford Meteorology Station. The results of analyses of both sets of data, the
simulated set and the real data, have been compared. In general the major
features found in the analyses of the real data are identifiable in the cor-
responding analyses of the simulated data. The primary difference between the
two data sets is in the frequency of high wind speeds. The frequencies of
hourly and daily average wind speeds greater than 2 standard deviations above
the mean are underestimated slightly by the model.

A second inconsistency appears to exist in the model. That inconsistency
shows up when the simulated data are averaged. Too much variability is Tlost
in the averaging process and the wind speed distributions approach normality
too rapidly. The cause of the inconsistency has not been isolated, but poten-
tial contributing factors include: use of a distribution for the uncorrelated
random variates that has too small coefficients of skewness and kurtosis, too
rapid decay of the autocorrelation, and the partitioning of the variance in
determination of the parameters for the standard deviation. This apparent
inconsistency is not considered to be a serious problem, because it has been
demonstrated that the model is capable of simulating both daily and monthly
average wind speeds directly.

Since the simulations have been completed, the parameters for the diurnal
variation of the standard deviation at the Hanford Meteorology Station have
been evaluated. The phase of this additional variability is such that it would
contribute significantly to the standard deviation at the time of the maximum
mean wind speed.
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With these possible restrictions mentioned, the model appears to be a use-
ful simulation tool that can be implemented without requiring excessive compu-
tational resources. Further tests with data from other locations are required
to complete the model evaluation for economic simulation studies. Conceptually,
however, the model is useful in its current state for detailed examination of
the spatial correlation of winds at potential wind energy conversion sites, and
for the evaluation of techniques for adjusting climatological statistics derived
from limited observations.
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APPENDIX A

CHARACTERISTICS OF THE DISTRIBUTION OF THE CORRELATED SERIES

The random variate used in the simulation of the hourly average wind
speeds is derived from an underlying Rayleigh distribution. The distribution
of the wind speeds is not Rayleigh. This appendix describes the distribution
and its variation with increasing correlation coefficient.

The time series of random variates is a Markov chain. It is generated as
follows

X5 = x5 q txy (A-1)
where the X; are the correlated time series, p is the correlation between con-
secutive elements of the series, and x' are uncorrelated random variates with a
known distribution. If the distribution of the x' is Gaussian, then the dis-
tribution of the X; is also Gaussian and the correlation between elements X;
and x;_, s given by

p (k) = exp(-xk) (A-2)

where k is the lag and X is a decay constant.

In our simulation the x' are not drawn from a Gaussian distribution, there-
fore we cannot assume that the X; have a Gaussian distribution. Similarly, it
is not proper to assume that the X; have a Rayleigh distribution because the x'
are drawn from a Rayleigh distribution. As a result we have examined the

behavior of the moments of the X; distribution.

As a starting point, we note that if x' has zero mean, then X; will also
have zero mean. In our simulation we have generated x' so that it has zero
mean and unit variance. By taking the expectation of X; to the second, third
and fourth powers, and recursively applying (A-1) we obtain the following

results

A-1



il

Ex,°] = —1—EX'?] C(A-3)

1 -p
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4 6o 2442 1 4
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which express the moments of the correlated distribution in terms of the moments
of the underlying distribution and the correlation coefficient. From these
relationships we draw the following conclusions: the variance, coefficient of
skewness, and coefficient of kurtosis of our correlated time series should be

Varlx;] = - L (A-6)
- P
-0
SK[X,] = ‘—L Sk[x'] (A-7)
! (1 - 03)
- 602 1 - 92 1 A
K[X_i] = ] + p2 + ] + p2 K[X ] ( '8)

respectively, where VAR[] is the variance and Sk[] and K[] are coefficients of

skewness and kurtosis. Approximate values for Sk[x'] and K[x'] are 0.6322 and
3.2450, respectively.

Figure A-1 shows comparisons of the standard deviations and coefficients
of skewness and kurtosis of time series generated using (A-T) with values pre-
dicted using (A-6) through (A-8). The data shown in Figure A-1 were obtained
in tests of the simulation procedure involving more than 9,000 elements. Three
tests were run for each correlation coefficient. It is to be expected that the
observed coefficients of skewness and kurtosis would show a larger scatter about
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their predicted values than shown for the standard deviation because convergence
to their predicted values is much slower.

Relationships (A-3) through (A-8) apply for i sufficiently large that pni,
n=2, 3o0r4, can be assumed to be equal to zero. Thus, if we want the distri-
bution of X; to be constant throughout the simulation, we must discard the first
few elements of the chain prior to starting the simulation. In practice, we
have initialized the simulation by discarding the first 65 elements of the chain.

Figures A-2 and A-3 show the behavior of the correlation coefficient for
our chain. Figure A-2 demonstrates that the correlation observed between X;
and X1 is the same as that correlation used in (A-1). The effect on correla-
tion of increasing the separation between elements is shown in Figure A-3. The
correlation used in (A-1) for each test was e™*. From this figure we conclude
that changing the distribution of x' from N(0,1) to R(0,1) has not negated (A-2).
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APPENDIX B

HOURLY WIND SPEED SIMULATION PROGRAM

A computer program has been written to simulate hourly wind speeds using
the model developed in the body of the report, combine the hourly data into
daily and monthly averages, and analyze each of the data sets. This appendix
describes the program. '

The program is divided into four basic sections: initialization, model para-
meter input, simulation and analysis. The initialization section sets variable
types and array dimensions. It consists of the first 11 program lines. Line
numbers are indicated to the left of the code in the listing at the end of the
appendix. Array names and uses are listed in Table B-1, and variable names and
uses are listed in Table B-2.

Input of model parameters and parameters for control of the simulation takes
place in the next section; lines 13 through 46. At the end of the parameter
input section the value of each of the parameters is printed to provide a record
of the input associated with the model output. Numbers at the extreme left of
the program 1isting indicate do-loop nesting. The name and use of each of the
subroutines used in the program are listed in Table B-3.

Subroutine CARLOH, called in line 52, contains the simulation section of
the program. It starts with pseudo-random N(0,1) deviates, forms Rayleigh
deviates, then transforms the Rayleigh deviates to R(0,1). These deviates
are combined with model parameters to give the hourly wind speed time series.
The hourly speeds are written to disk a year at a time for temporary storage.
CARLOH also computes daily average wind speeds from the hourly values. The
daily averages are stored in an array in computer memory.

The development of the wind speed time series in CARLOH is a step-by-step
process. In lines 179 through 185 the seasonal variations of the mean and

standard deviation are computed.
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TABLE B-1. Arrays Used in the Wind Speed Simulation Program

NAME USE
ACOR Autocorrelations

ACV Autocovariances

AVE Average wind speeds for day of the year

CKURT Coefficients of kurtosis of daily average speeds for day of the year
HEADER Title or description of simulation

IYR Sequential number of year simulated

LAMDA Model parameter for autocorrelation of simulated time series

LIM Run length 1limits for persistence analysis

NRUNS Accumulates runs for persistence analysis

SD Standard deviations of daily average speeds for day of the year

SKEW Coefficients of skewness of daily average speeds for day of the year

SLIM Speed 1imits for persistence anlaysis

SWS Simulated daily average wind speeds (day of year, year)

VAR Variances of daily average speeds for day of year

W Simulated daily average speeds (1 dimensional array equivalent to
SWS)

WR Departures of daily average speeds from average for day of the year
(1 dimensional array equivalent to WSR)

WRM Departures of monthly average speeds from average for the month

WS Simulated monthly average speeds (month, year)

WSR Departures of daily average speeds from average for day of the year
(day of year, year)

Z Work space for temporary storage of the simulated hourly average wind
speeds

7 Work space for temporary storage of hourly wind speeds

B-2



TABLE B-2. Variable Names Used in the Main Program

NAME USE

AQ Amplitude of the seasonal variation of the mean speed (A1 in Eq. 2)

Al Mean amplitude of the diurnal variation of the mean speed (A2 in
Eq. 2a)

A2 AmpTlitude of the seasonal variation of the amplitude of the diurnal
variation of the mean speed (A3 in Eq. 2a)

B Standard deviation of the wind speed when no variability is treated
(B0 in Eq. 3)

BO Mean standard deviation of the wind speed (B0 in Eq. 3)

B1 Amplitude of the seasonal variation of the standard deviation of
the wind speed (B] in Eq. 3)

BPHI Phase angle for the seasonal variation of the standard deviation
(e] in Eq. 3)

DEL Wind speed band width for persistence analysis

GAMA Phase angle for the seasonal variation of the autocorrelation decay
constant (y in Eq. 6)

HAVE Overall average of the simulated hourly wind data

HKURT Overall coefficient of kurtosis of the simulated hourly wind data

HSD Overall standard deviation of the simulated hourly wind data

HSKEW Overall coefficient of skewness of the simulated hourly wind data

HVAR Overall variance of the simulated hourly wind data

IDATE Date of the simulation

IPASS Switch used to select one of several possible simulation models

ITIME Time of day of the simulation

M Number of days to be simulated

MM Number of months to be simulated

NHS Number of hours per record for disk storage of hourly wind data

NYRS Number of years to be simulated

PHIO Phase angle for the seasonal variation of the mean speed (¢0 in

Eq. 2)
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NAME

PHIT

PHI2

PHI3

PHI4

VBAR

XLAMO
XLAM]

TABLE B-2 (contd)

USE

Phase angle for the seasonal variation of the amplitude of the diur-
nal variation of the mean speed (¢] in Eq. 2a)

Mean phase angle for the diurnal variation of the mean speed

(¢2 in Eq. 2a)

Amplitude of the seasonal variation of the phase angle for the
diurnal variation of the mean speed (¢3 in Eq. 2a)

Phase angle of the seasonal variation of the phase angle of the
diurnal variation of the mean speed (¢4 in Eq. 2a)

Long-term average wind speed (Ag in Eq. 2)

Mean decay constant for the autocorrelation (AO in Eq. 6)
Amplitude of the seasonal variation of the decay constant for the
autocorrelation (A] in Eq. 6)
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TABLE B-3. Subroutines Used in the Wind Speed Simulation Program

NAME USE

ADATE UNIVAC System routine used to supply the date and time of the
simulation

CARLOH Monte Carlo simulation of hourly wind speeds and computation of
daily average speeds

CMTS] Computes central moments of data in a 1-dimensional array

CMTS2 Computes the central moments of data in columns of a 2-dimensional
array

FREQ Compiles frequency and cumulative frequency distributions of data
in a 1-dimensional array

FREQA Compiles frequency and cumulative frequency distributions of data
in a 1-dimensional array using standardized bin widths

FREQM Same as FREQ except for smaller bin widths, used for monthly
averages.

FTAUTO International Mathematical and Statistical Libraries, Inc. (IMSL)
subroutine to compute autocovariances and autocorrelations

GGNML IMSL subroutine to generate pseudo-random, normal deviates with
Zzero mean and unit variance

GROUP Combines daily average wind speeds into monthly averages

HCMTS]1 Same as CMTS1, except reads data from disk, used for hourly speeds

HFREQ Same as FREQ except reads data from disk, used for hourly speeds

HFREQA Same as FREQA except reads data from disk, used for hourly speeds

HRUNS Same as RUNS except reads data from disk, used for hourly speeds

RUNS Persistence anlaysis of data in 1-dimensional arrays

WAUTO Qutput autocovariances and autocorrelations

WDAT1X Qutput moments of the daily average wind speed sitributions by day
of the year

WDAT1Y Qutput monthly average wind speed statistics

WRUNS Qutput results of persistence analysis

B-5



Seasonal variations of the amplitude and phase angles of the diurnal variation
are also computed in this section.

The section of CARLOH between lines 186 and 193 generates the first 65
terms in the time series of R(0,1) deviates. The last of these values is used
as the initial value in the simulation. The remaining values are discarded;
their purpose is to allow the moments of the distribution of correlated devi-
ates to stabilize. The remainder of the simulated values are generated
between Tines 195 through 204.

The section of the code between Tines 205 and 218 ensures that the series
of correlated deviates has zero mean and unit variance. This section could be
eliminated if éach simulated value were scaled by division by the theoretical
standard deviation for the correlated time series derived in Appendix A.

The conversion of the deviate time series to wind speeds occurs in
lines 219 through 226. If diurnal variations of the mean speed and standard
deviation are to incoporated in the model, their respective contributions must
be computed and included in this section. This can easily be done by expand-
ing the left side of the equation in line 221.

Lines 222 and 224 compute daily average wind speeds. The remainder of
the program, lines 57 through 166, consists of the analysis section. Hourly
wind data are analyzed first, lines 57 through 82. The analyses performed
include: computation of the first 4 central moments of the wind speed dis-
tribution, compilation of frequency and cumulative frequency distributions,
and compilation of persistence statistics for wind speeds above and below
average. To facilitate comparisons between analyses of data from different
time periods at a single site or different sites, frequency and persistence
statistics are compiled in standardized wind speed ranges.

Daily average speeds are analyzed following the analysis of the hourly
speeds. The pattern of analysis of the daily averages initially follows that
of the hourly values. After the persistence analysis is completed, the
daily averages are determined. The initial correlation computation includes
the effects of seasonal variation of both the mean and standard deviation.
Monthly averages are compiled from the daily averages, then the seasonal
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variation of the mean is removed and the autocorrelation of the daily averages
is recomputed. Finally, the seasonal variation of the standard deviation is
removed, and the autocorrelation is computed again. This pattern is repeated
for analysis of the monthly averages.

The simulation program, as it now exists, requires 44,500 words of user
memory in a UNIVAC 1100/44. A large part of the memory requirement comes from
the analysis portion of the program. A significant reduction in memory require-
ments could be achieved by optimization of the code and elimination of the
analysis routines. Program execution requires about 12 seconds of CPU time
per year of simulated data. Again, a large portion of the time is spent in
the analysis of the data rather than the simulation. The complexity of the
simulation model has little apparent effect on the time required.
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s NsNsNeXg!

INTEGER IYR(2S)+LIM(16)sNRIINR(22y16)

REAL LAMBDA (P +HEADER(20) 9SWS(365910) W (3650) ¢ACVY(30)
¢+ ACOR(30)+AVE (366) 15N (366) +sVAR(IAAK)
+ JSKEW(366) s CKURT (306) s SLIMI22) 9WS(12+25) «WSR(365+10) ¢+ WR(3650) .
+ WRAM(300)

COMMON /WSPACE/Z(8760)¢27(8760)

INTEGER NYRS

CHARACTER®R [DATEs ITIME

EQUIVALENCE (SWSeWSR)

EQUIVALENCE (SWS.W)

EQUIVALENCE (WSReWR) ¢ (WS 4RM)

READ(5+110) VBARWAO+PHIO»AL9A2+PHIL oPHIPWPHIIWPHIS
READ(5,110) BeBOsB1sAPHI
READ(5,110) LAMROA (1) s LAMRDA (2) o XLAMO ¢ XLLAM] » GAMA
110 FORMAT(9F8,4)
READ (S5¢120) NYRSy IPASS
120 FORMAT(16]%S)
CALL ADATE(IDATE.ITIME)
MENYRS#3I6S
MM=]2#NYRS
90 READ(S54+100,END=990) (HEADER(I)2I=1,20)
100 FORMAT (20A4)

DO 195 I = ]+ NYRS
IYR(I) = 1
195 CONTINUE
WRITE(6+900)
WRITE(6+210) HEADER
210 FORMAT(1H 915X *MODEI, PARAMETERS'910X+20A4)
WRITE (69220) VBARWAOIPHIOWALl9yA29PHILsPHIZ+PHIIJPHISG
220 FORMAT(1HO.10Xe*PARAMETERS FNR SPECIFICATION OF THE MEAN v4//

. 15X *VRAR 3¢ 9FB,49 /15X, AD ='9FR ,49/18Xy'PHIN ='9yFR &/
+ 16Xs? Al ="4FB,49/15Xe? A2 =V 9FR44/15XKy"PHI] =04FB.40/
+ ISXs 'PHIZ mYoFB,49/1SXetPHTII =t eFB8,49/15Xs'PHIA& =V 4FB 4///)

WRITE (69230) B+B0sBleAPHI

230 FORMAT (1HU410Xe'PARAMETERS FNR SPECIFICATION OF THE ST, DEVIATION?

¢v// 15X+* B 2VyFB8,44/15Xe? BO 2'9FR,49/15Xe?t B8] =2t4FR, 44/
+ 15Xy 'BPHI =0 ,F8,4///)
WRITE (6:240) LAMBOA(]) oI AMBDA(2) o XLAMO s XLAM] ¢ GAMA

240 FORMAT(1HO410Xs'PARAMETERS FOR SPECIFICATIOM OF THE AUTOCORRELATIO
*NYe// 1SXeVLAMBDAL =t oFB 6y /15Xs " AMBDA? =94FR,49/15Xe? XLAMQ =¢,

+ FBeb9/15X9? XLAML ='sFB,49/15Xs GAMA ='4F8,4///)
190 CONTINUE
WRITE (6+245) NYRS,IPASS
265 FORMAT(1HO#)OXe *STMULATIMNG V9139 YEARSYe//)1IXstIPASS = 1,T73)

GENERATE HOURLY TIME SERIES aND COMPUTE DATLY AVERAGES
THE HOURLY TIME SERIFS IS STORED HY YFaRS ON DISK
THE DAILY AVERAGES ARE STORED IN SHWS

CALL CARLOH(IPASSyNYRSeVRAARWAOWPHIOeAleA2sPHTLsPHI24PHI3PHISG,
. BeB0OsB1¢BPHI| AMRDAe XLAMO s XL AML 9 GAMA ¢ SWS)

B-8
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S4,
7%,
56,
57.
58,
59,
60,
23 U
62,

64,
65,
(6.
6T,
8.
n9.
70
71,
72'
73,
T4,
75.
76,
77,

79,
2108
Al,
82.
H3,
84,
as,
86,
87,
ng,
f9,
90'
1.
52
03,
%4,
95,
36,
97.
98,
99,
100.
101,
102,
in3,
104,
105,
106,
107,
108,
109,
110,

[z X3 Xe]

OO0

e X e Xe]

QOO0

250

300

3lo

902

900

ANALYZF HOURLY TIME SERIFES

MNHS=R8T60
CALL HCMTS) (NYRSINHS eHAVE ¢HSD o HVAR S HSKEW s HKURT)
WRITE(6+250) HAVEsHSDIHVARyHSKEWIHKURT

FORMAT(1HOy// 10Xe*STATISTICS OF SIMULATED HOURLY DATAt,//
+ 15Xs AVERAGE ='sF10.30/15Xs'ST DEV. 2teF10,3¢/15Xy?* VAR =7,
. F10.3.

+ Z716X9? SKEW =m0 9F10,3+/15Xe? KURT =2*4F10,3///)
WRITE(6+4900)

CALL HFREQA (NYRSINHS)

WRITF (64900)

CALL HFREW(NYRSsNHSeHAVEsHSD)

SET LIMITS FOR PERSISTENCE ANALYSIS OF HOURLY DATA

no 300 I=1.16
LIM(I) =1
SLIM(12)=HAVE+«HS5D/6,
SLIM(10)=sHAVE=HSD/6K,

DEL=HSD/3.
Do 310 I=13.21
11=22-1

SLIM(I)=SLIM(I=1)«DEL
SLIM(I1)=SLIM(I1+1)=DEL

CALL HRUNS(NYRS+NHSeSLIMsLTMsNRUNS)
WRITE(6+900)

CALL WRUNS(NRUNSs22916¢SLIMsLIMy1)

ANALYSIS OF DAILY AVERAGES

WRITE(6+900)

WRITE(6+902)

FORMAT ({1HO»//T129*ANALYSIS OF DALl Y AVERAGESt//)
CALL CMTSZ2(SWSe36SeNYRSIAVE+SDsVARISKEWSCKURT)
CALL CMTS) (WeMysAVE (3K6) 9SD(IRB) « VAR (3I66) +SKEW(366) +CKURT (366))
CALL WOATIX(SWSe3A5¢NYRSeIYsAVEsSDsVARSKEWICKURT)
WRITE(65200)

FORMAT (1H1)

CALL FREU(SWSe365+NYRSeVBARSD(366))

WRITE (6+900)

CALL FREQA(SWS+3659sNYRS)

CALL FTAUTO(WsMe249 ) 9SeAMEANGAVARGACVeACORIXX YY)
CALL WAUTO(AMEANJAVARWIACVIACORs24)

SET LIMITS FOR PERSISTENCE ANALYSIS

330

SLIM(12)=AVE(366)+5D(366})/6,
SLIM()0)=AVF (366)=SD(366)/6,
DEL=SD(366)/3,

DO 330 I = 13, 21

Il =22 -~ 1
SLIM(I)=SLIM(I~]1)+DEL
SLIM(IL)=SLIM(IY«1) ~DEL

CALL RUNS(Ws3650+sSLIMeLIMeNRUNS)
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111,
112,
113.
114,
115.
116,
117.
118,
119,
120,
121,
122.
123,
124,
125.
126.
127,
128.
129,
130,
131,
132.
133,
134,
135,
136,
137,
138,
139.
140,
lael.
142,
143,
144,
145,
146,
147.
148,
149,
150.
151,
152,
153,
154,
155.
156.
157.
158,
159,
160,
161,
162.
163,
lea,
165,
166,
167,

OO0

OO0

SN0

OO0

350

360

901

70

380

3590

WRITE(6+900)

caLL

WRITF (64900}

WRUMS (NRUNS»22e¢16eSLIMsLIMe 1)

SIMULATE MONTHLY AVERAGES

CaLL GROUP (SWSsNYRS»WS)

Do
no

350
350

I1Z2=1,365
JZ=1 sNYRS

WSR(TZeJZ)=SWS(TZyJZV1=AVF(I7)
CALL FTAUTO(WRs»M9289]1959AMEANSAVARCACVeACORI XXy YY)
CALL WAUTO(AMEANSAVARWIACVIACNRY 24

no
Do

360
360

12=1+365
JZ=1+NYRS

WSRITZeJZ)BWSR(T1ZeJ) /ST
CALL FTAUTO(WReMs2491 9SeAMEANCAVARVACVIACNR XX YY)
CALL WAUTO(AMEAN:AVARSACVIACNR,24)

ANALYZE MONTHLY AVEHAGES

WRITE(6+900)
WRITE(64901)

FORMAT (1HO4//9T12,?

ANALYSIS OF MONTHLY AVERAGES?'//)

CALL CMTSZ2(WSy129NYRS+AVF 5D VARISKEW,CKURT)

CALL CMTS1 (WRMsMMoAVE (13)9SD(13)4VAR(13)sSKEW(13) +CKURT(13))

CALL WDATLY(12+AVE+sSDeVARISKEWCKURT)
WRITF(6+900)

CALL FREOM(WRMeMM.1)

CALL FTAUTO(WRMyMM»249]195eAMEANSIAVARSIACVIACORIXXyYY)
CALL WAUTO(AMEAN»AVARSACV+ACORy24)

SET LIMITS FOR PERSISTENCE anNai ¥YSIS

SLIM{12)=2AVF (13)+SD(13) /5,
SLIM(10)=AVF (13)=SD(13)/6,
DEL=SD(13) /3.
Do 370
11=22~1
SLIM(I)=SLIM(I=1) ¢DEL
SLIM(IL)aSLIM(IL1+]1) =DEL

CALL RUNS(WRMsMMySLIMsL IMsNRUNS)
WRITE(69900)
CALL WRUNS(NRUMS+22¢16+SIL.TMe( IMs 1)

COMPUTE AUTOQCORRELATIONS FNR DETRENDED AND NNRMAL [ZED MONTHLY SERI

DO 380
npo 380
WS(IZ4J2)=WS(1Z+JZY=AVE(IZ)

CALL FTAUTO(WRMyMMe249]1 ¢5eaAMEFANSAVARIACV+ACNReXX YY)
CALL WAUTO(AMEANWAVARACVeACNRy24)

NO 390

0o

390

1213,21

I7=1+12
JZ=l s NYRS

17=1,12
J7Z=19sNYRS

WS (1Z+JZ)3WS(1Z+JZ)/SD(1I2)
CALL FTAUTO(WRMyMM9249s 1959 AMFANIAVARIACVIACORIXX YY)
CALL WAUTO(AMEANCAVARIACVIACNR24)

GO

T0 90
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1+8,
169,

170.
171.
172,
173,
174,
175,
176,
177,
178,
179.
180,
181,
182,
183,
184.
18S,
186,
187,
188,
189,
190,
191.
192.
193.

195,
196,
197,
198,
199.
204,
20S,
206,
ent.
208,
an.
210.
211,
212,
213,
200,
214,
20l.
202,
203.
215.
216.

990

10

100

CONTYINUE
END

SUBROUTINE CARLOH(IPASSoNYRSeVBARGAQOIPHTOoALeAZ¢PHIL1+PHIZ2¢PHTI3,
I PHI&«ByBOsBlsBPHI oL AMBDAs XLAMO s X_LAM) 9 GAMA »WSD)

REAL X (366) ¢ WSD(IESINYRS)IR(365)sRY(365)syLAMADA(2) ¢yHA(24) «HB(365)
+UU(I65) ¢y WS (249365) 9 WS1(BT60) +COEF (365)4NSD(365) ¢+HC (365)
EQUIVALENCE (WS»wS1)

DOUBLE PRECISION NSEED

EXTERNAL MSEC

M=MSEC ()

X(300)=0,9

nno s I=1.365

ANG=0,0172%(1-0,5)

UU(I)=VBARSANBSIN(ANGsPHIO)

HB(I)=AL+A22SIN(ANG+PHIL)

HC(T)=PHI2+PHI34SIN(ANG+PHI &)

IF (IPASS.EN,1) DSD(1)=B

IF(IPASS.GE.2) DSD(1)=8B0+B1*SIN(ANG+BPHI)
IF(IPASS,GE,3) COEF(I)=EXP (XLAMO+XL_AM]I8SIN(ANG+GAMA) )
CONTINUE

DSEED=M

CALL GGNML (DSEEDs65.R)

CALL GGNML (DSEED+65¢RY)

IF(IPASS.LE,”?) RCOEFaEXP(LAMBDA(]IPASS))

Do lo I1=301.364

IF(IPASS.EQ.?) RCOEF=CQEF(1=-1)

X{1)axX(I=1)eRCOEF+ (SQRT(R{1=300)0s2+RY(71=30N0)842)=],25331)/.65514
CONT INUE

DO 150 N=x]1s+NYRS

no l1o0 I=1.24

[1=(1~1)%365

CALL GGNML (DSEED#36S4R)

X(J)2=X(J=1)2RCOEF+ (SQRT(R(J=1)8824RY (J=))##2)=] ,25331)/,65514
WS1(I1aeJ=-1)eX(J)

CONTINUE

SuM=0n,

SuUMi=0,0

SumM2=0,n

Do 110 J=1.365

no 110 I=1.24

SUM=SUMsWS (T+ )

SUM2=2SUM2eWS ([ e ) 02

CALL GGNML (DSEED3654+RY)

CONT INUE

X{1)=x(366)

DO 100 J=2.4366

IF(IPASS.EN.3) RCOEF=COEF (U=1)

AVE=SUM/BTAN,

SDESQRT(SUMP/RTHE9,-StUM#u2/ (RTHO*ATS9,) )

B-11
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607,
6n8,
6n9,
610,
611.
612,
613,
61"
615,
616.
617,
618,
619,
620,
621.
622.
623,
624,
625,
626,
627,
6728,
6?79,
630,
631,

579,
580,
581.
582,
583,
584,
SRS,
586,
587.
588,
589,
590.
591,
592.
593.
594,
595,
596,
597,
598,
599,
600.
601,
602,
603,
604,
605,
606,

100

210

100

150

200

SURRQUT INE CMTST (XoNXeXMeX]19X29X39X4)
DIMENSION X (NX)
N=()

SUM=0,

no 100 =102
SUM=SUMeX (1)
N=Ns+]

CONTINUE
XMaSUM/N

se=0,

S3=y,

s4=0,

Do 210 T=leNX
Y=X (1) =XM
Y2=zYasY

$2=S2+Y2
S3=53+Y8Y2
S42S4eY28Y2
CONTINUE

X2=2S2/ (N=1)
X12SQRT (X2}
X33S3/ (N®#X])#X2)
X4=S4/ (HNBX28X2)
RETURN

END

SUBROUTINE CMTS2{XINCINReXMy X1 4X29X39X4)
DIMENSION X (NCoNR) ¢ XM(NC) o X1 (NC) o X2 (NC) s XI(NC) s X& (NC) oN{V66)
DO 200 I=]+NC

N({1)=0

SUM=0n,

20 100 J=1eNR
IFIX(Ted)elTo0)X(TsJ) =0,
SUM=SUMeX (e J)

NCI)Y=N(])*])

CONTINUE

XM(T)=SUM/N(T)

S2=0'

$3=0,

S4=0,

DO 150 Jal R
YaX(TeJt=XM(1)

YYaYay

SR2=S2+YY

S3=S3+Y8YY

S4=S4eYYHYY

CONTINUE

X2(1)=S2/(N(])=1)

X1 (I)=SQRT (X2(1))
X3(1)=S3/7(N(T)#X2(1)aX1(1))
X4 (1)=S4/ (N(I)eX2(T)aX2(1))
CONTINUE

RETURN

END
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646,
647,
648,
649,
650,
651.
652,
653.
654,
655,
656,
657,
658,
659,
660,
661,
662.
663,
664,
665,
666,
667,

668,
669-
670,
671,
672,
673,
674,
675,
676,
677,
678,
679,
680.
681,
682,
683,
684,
685,
686,
6587,
hB8.
689,

10

20

25

217

30

32

50

55

60

SURROUTINE FREQ(WS+NCINYRS,VBARySTGMA)
INTEGER DIS(S1)s CUM(51)s GCUM(S])
DIMENSION WS (NCyNYRS) oVULIM(51)

DO 10 Ixly50
VLIM(I)=FLOAT(28]I~1)/10,-3,
GCUM(I)=0.0

DIS(I)=0,0

CiM(T)=0,0

VLIM(S1)=100

CF=100.7 (NYPS#NC)

DO 32 ML=1.NYRS

DO 30 I=leMC

WN= (WS (I+M|_ )~VBAR)/SIGMA

D0 20 J=1+50

IF(WNLT.VLIM(J)Y) GO TO 25

CONT INUE

J = 51

DIS(H=DIS(Yr+1

N 27 L=JsS0

GCUM(L)=GCUM(L) +1

CONTINUE

DO 30 K=1ly, -]

CUM(K)=CUM(K) +1

CONTINUE

CONTINUE

WRITE (6+50)

FORMAT (1HOy ' VELOCITY (MPH) FREQUENCY

Vi=-9,99

DO 60 I=1y50
v2=vLIM(T)

D=DIS (1) *CF
CaCUM( 1) *CF
G=GCUM(]) #CF
WRITE(6955)1V]1eV2sD9CeB

CUMULATIVE FREQUENCIESY»

176 MIN. MAX, OI1STRIB, OVER MaX UNDER MAX? /)

FORMAT (1H oF6e2s! TO'9F6.293XeF5,29TX9F6.295X9F6.2)

vi=v2

CONTINUE

D=DIS(51)“CF

C=CUM(51)*CF

G=GCUM(S1) #CF

WRITE (695S5)V1sVLIM(SI) 9D9eCeG
RETURN

END

B-13
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690.
691,
692,
693,
694,
695,
696,
697,
698,
699,
700.
701,
702.
703,
704,
705,
Tné6.
707.
718,
709.
710.
711.
712,
713,
T14.
715,
716,
717,
718,
719,
720,
721%.
722.
723.
72‘.
725,
726,
7’7o
7728,
779,
730,
731.
732,

10

20
25

27

3o

32

S0

5%

60

SURROUTINE FREQA (WSeNCyNYRS)
INTEGER DIS(S1)y CUUM(S1)s GCUM(SY)
DIMENSION WS (NCsNYRS)¢VLTM(S5]1)
Do 10 I=1,51

VLIM(I)=2FLOAT(])

GCHM(I)=0.0

DIS(1)=0,0

CUM(I1)=0.0

VLIM(S1)=aloon

CF3100,/ (NYRS®NC)

DO 32 Mi.zlsNYRS

DO 30 I=)eNC

DN 20 J=1+50
IF(WS(TIoML) LT VLIMGY)Y 0 TN ¢5
CONTINUE

J = 5]

DIStN=DIS (U]

N0 27 L=JsS0

GCUM (L) =GCUM (L) +]

CONT INUE

DO 30 Kely.j=1

CUM(K) sCUM(K) +1

CONTINUE

CONTINUE

WRITE(6+50)

FORMAT (1HOs* VELOCITY (MPH) FREQUENCY CUMULATIVE FREQUENCIES?,

1/ MIN, MaxX, ODISTRIR, OVER MaX 1INDFR MAX's/)

vi=0,0

NO 60 I=1+50

vas=v IM(T)

D=DIS (1) #CF

C=CUM (1) &CF

G=GCUM(1) ®*CF
WRITE(6955)V1eV2eD9Ceh
FORMAT(1H sFh.20! TO'9F64293XsF5,2sTXsFbh.295XeF647)
vi=y?

CONT INUE

D=DIS(51)#CF

C=CUM(S]1) eCF

G=GCIIM(S]) eCF
WRITE(6+55)V1IsVLIM(S1)eDseG
RETURN

END
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979, SUBROUTINE FREQM(WSeNCeNYRS)

930, INTEGER UIS{(SI)e CUM(S1)s GCUM(5])
931. DIMENSION WS (NCeNYRS) sVLIM(5))
932, 0o 10 I=1,51
1 933, VLIM{I)=FLOAT(1)/4,
1 934, GCUM(1)=0.0
1 935, DIS([)=0.0
1 936, 10 ChM(1)=0,0
937. VLIM(S1)=100
938, CF=100,/ (NYRSH#NC)
939, DO 32 ML=14NYRS
1 940, no 30 Isi.:g
DO 20 Jx1»"
g 2:;: TIF (WS (TaMLY JLT.VLIM(J)) RO TO 75
3 941, 20 CONTINUE
2 964, J = 51
2 945, 25 DIS(H =DIS(J)+1
2 946, DO 27 L=Js50
3 947, GCUM(L)=GCUMIL) *1
3 948, 27 CONTINUE
? 949, DO 30 K=1s~1
3 950. - CUM(K)=CUM(K) +]
3 951, 30 CONTINUE
1 952, 32 CONTINUE
953, WRITE(6450)
954, 50 FORMAT (1HO, ¢ VELOCITY {MPH) FREQUENCY CUMUIATIVE FREQUENCIES*,
335, L7yt MIN. MAX, DISTRIRA, NVER MaX
956, Vis0,0
957. DO 60 I=],50
1 958, V2aVLIM(D)
1 9%9, 0=DIS(1)eCF
1 960, C=CUM(]) 4CF
1 ge1. G3GCUM (1) *CF
1 962. WRITE(6+155)V1sV2eDeCe6
1 963, 55 FORMAT(1H 4F6,24" YO'0F6.2'3X'FS.?'7XOF6.2.5X.F6.2)
1 964, Vi=v2
1 965, 60 CONTINUE
966, D=DIS(51) *CF
967, C=CuM(51) #CF
968, G=GCUM(S1) #CF
969, WARITE (64551 VIaVLIM(51) yDvCeG
970. RE TURN
9ri, END

END FTN 3913 IBANK 22996 DRANK 17520 comMoN

HNDFR MaX1,e/)
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896,
897,
898,
A99,
900,
90l.
902,

"~ 903,

904,
905,
96,
917,
908.
909,
910.
911.
912,
913,
914,
915.
916,

236,
237,
238,
239,
240,
241,
242,
243,
244,
245,
246,
247,
248,
249,
250,
251,
252,
253,
254,
255,
256,
257,
258,
259,
260,
261,
262,
261,
264,
26S.
266,
267,
268,
269,
270,

SUBRQUTINE GROUP (SWSeNYRSsWS)

FORMS MONTHLY AVFERAGE WIND SPEFDS FROM DATLY AVFERAGES

10

40

50

105

110

2lo
300

NIMENSION SWS{169sNYRS) s JDAY (13) yNUM(]12) «WS(12sNYRS)
DATA JDAY/0931459¢9002204151918192124243¢273930443344365/
NDATA NUM/31+28931930+31930931931430e3130,31/

00 10 Jzl.12

DO 10 N=aleNYRS

WS (JyNI 20,0

CONTINUE

DO S0 N=]1eNYRS

NO S0 L=l+12

JLaUDAY (L) +)

JK=JDAY (L+1)

DO 40 J=JLeJK

WS {LoN)ZWS (L eN) +SWS (JeN)

WS (LeN)YZWS (LsN) ZNUML)

CONTINUE

RETURN

END

SURROUTINE HCMTSL{NYRSyNXsXMeX19X2eXIJpX4)
COMMON /WSPACE/Z(8760)+27(BTAD)
M=

SuM=0,

s2=0,

|3=x0,

S4=0,

DO 105 NN=] +NYRS
READLtZ2) /7

DO 100 TeloNX
SUMaSUM+Z (1)

N=N+1

CONTINUE

REWIND 2

CONT INVUE

XM=SUM/N

no 300 tIN=]1 ¢ NYRS
READ(2) 7

no 110 I=]eMX
ZZ{1)sZ(]) =M
CONTINUE

po 210 I=1,nX
Y=ZI(1)oZZ (1}
§2=S2eY
SIaSIe¥u22(1)
S4zS4sYayY

CONTINUE

CONT INUE

REWIND 2

X2=S2/ (N=1)

X1=SART {X2)
X3=S3/(NaK)ex?)
X4=S4/ (NBXDPnx?)
RE TURN

END
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317,
3i8.
319.
320.
3el.
322.
323.
326.
325.
3260
327,
328,
329,
330.
331,
332.
333,
334,
335,
336,
337,
338,
339,
340,
3‘1.
342,
343,
344,
345,
346,
347,
348,
349,
350,
is1.
3%2.
353,
354,
355,
356,
357.
358.
359,
3en,
361,
362,
363,

10

20

25

27

30
32

50

5%

60

SURROUTINE HFREQ(NYRSeNCeVRARsSTGMA)
INTEGER DIS(S51)y CUM(D1)s GCUM(ST)
COMMON /WSPACE/Z(8760)+27(8T760)
NIMENSION VLIM(S1)

DO 10 I=1.50
VLIM(I)=FLOAT(2#1=1)/10,-3,
GCUM(1)=20,0

DIS(1)=0.0

CUM(1)=0,0

VLIM(S1)=1no

CF=100./ (NYRS#NC)

DO 32 ML=14NYRS

READ(2) 2Z

DO 30 I=1lsNC
WN2(ZZ(I)=VBAR)/SIGMA

DO 20 J=1.50

IF(WNLTLVLIM{J) ) GO TO 75
CONTINUE

J = 51

DIS(JI=DIS(J)+]

N0 27 L=Js50

GCUM (L) =GCUM(L) +1

CONTINUE

DO 30 K=leg=-1

CUM(K)=CUM(K) +]

CONTINUE

CONT INUE

REWIND 2

WRITE(6+50)

FORMAT (1HOy v VELOCITY (MPH) FREQUENCY
170 MINe MAX. DISTRIB. OVER MaX

Vie-9,99

DO 60 I=1+50

V2=V IM(T)

D=DIS(I)4CF
C=CUM (1) =#CF
GxGCUM(I) #CF
WRITE(6+55)V]+sV2409Ce6

FORMAT(1H oF6420" TO'9F6,293X9FS5.297XaF6.2¢5XsF6,?)

vi=v2

CONTINUE

D=D1S(51)¢CF

C=CuM (51} #CF

G=GCUM(S1) aCF
WRITE(6¢55)V1eVLIM(51)9DsCeG
RETURN

END

CUMULATIVE FREQUENCIES'y
HNDER MAX 1 4/)
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[T D D)

271.
272,
273,
274,
278,
276-
277,
2718,
279,
280,
281,
282.
2R3,
284,
285.
286,
287,
288,
289,
290,
29%91.
292.
293,
294,
295,
296.
297,
298,
299,
300,
3nl,
302,
3n3,
3n4,
3ns,
306,
307,
308,
309,
310.
311.
3l2.
313,
314,
315,
3.

10

20

25

27

3n
32

S50

SS

60

SUBROUTINE HFREQA (NYRSeNC)
INTEGER DIS(S1)e CUM(SL)s GCUM(ST)
COMMON /WSPACE/Z(8760)+272(B760)
DIMENSION VLIM(=])

Lo 10 121,51
VLIM(IY=FLOAT(I)

GCUM(I)=0.0

DIS(I)=0.0

CUM(1)=0.0

vLIM(S1)=lnn

CFmln0,/ (NYRS®NC)

N0 32 ML=1sNYRS

READ(2) 27

DO 30 I=1eNC

DO 20 J31:50

IF(ZZ(1YLT ,VLIM(J)) GO TO »S
CONTINUE

J = 5]

DIS(JY=DIS(U) +1

DU 27 L=J+50
GCUM(L)=GCUM(L) +]

CONT INUE

DO 30 K=zl j-1

CUM(K)=CUM(K) ¢}

CONTINUE

CONT INUE

REWIND 2

WRITE(6+50)

FORMAT (1HOs? VELOCITY (MPH) FREQUENCY CUMULATIVE FREQUENCIES?,
174 MIN. MAX, DISTRIB, OVER MaX

vi=0,0

DO 60 1=1450
vazviLIM(I)

D3NIS (1) =CF
C=CUM (1) »CF
G=GCUM(I) =CF
WRITE(6+55)V]1sV2sDeC G

FORMAT(LH oF 6,291 TO'sF0,2¢3XsFS5,29TX3F6,2¢5X+F6,2)

Vi=ve

CONTINUE

D=D1S(51)*CF

C=CUM(S51) *CF

G=2GCUM(S1) aCF

WRITE (64551 V]IeVLIM(S51)eD+Ce6
RETURN

END

UUNDER MAX?4/)
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364, SURROUTINE HRUNS (NYRSeNTeSLIMel [MyNRUNS)

365, COMMON /WSPACE/Z(8T760)+2Z(BT&0)
366. DIMENSION SLIM(21)+LIM(16)+1C(22) +NRUNS(27+16)
367, J2=0

368, DO 1 I1=1.22

369, IC(I) =0

370, oo 1 J=1.16

371, 1 NRUNS(TsJ)=0

372, DO 600 NY=]1¢NYRS

ara, READ(2) Z

I74. c DETERMINE DEPARTURE

378, no 600 IT=1NT

376, Do S0 1y=12,21

377. IF(Z{IT)«GF.SLIM(IU}) GO To 10
378, iL=22-1V

379, IF(Z(IT)LF ., SLIM(IL)) GO TO 20
380, IF(Z(IT) LT,SLIM(12).AND.Z(IT)GY,SLIM(10}) GO TO 60
3A1, G0 Y0 100

382. 10 CONTINUE

383, II=]U

384, GO T0O 30

3RS, 20 CONTINUE

336, 11=IL

387, 30 CONTINUE

3an, IC(IIY=IC(IT) ]}

389, S0 CONTINUE

390, GO TO 100

391. 60 CONTINUE

3Ive. 11=11

393, IC(II)=IC(T])+]

394, 100 CONTINUE

39S. c DETERMINE DURATION OF DEPARTURE
396, Jl=11

397, IF(J2.FQ.0) GO 10O 500

398, IF(J2=11) 200+300,400

399. 200 IF(J1l.LE.J2) GO TQO S00

400, IF(Jl1.LEe11) J3=Jl=~]

4nl, IF(J]1,6T.12) J3=ln

402, D0 230 1=J2.J3

403, J=IC(I)

4064, Do 220 L=ls16

4nS, LL=1T-L

4n6, IF(J.GE.LIM(16)) D TO 210
anTe IF(LIM(LL) .GT.J) GO TO 220
40R, 210 CONTINUE

409, NRUNS (ToLL) =NRUNS(ToLL) ¢}

410. IC(I)=0

411, GO TO 230

412, 220 CONTINUE

413, 230 CONTINUE

414, GO TO 500

415, 300 CONTINUE

416, IFtJU1.,EQ.11) GO TO 500

417, J=IC (1)

418, Do 320 L=1ls16

419, LL=17=L
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420,
421,
422,
423,
424,
425,
426,
427,
428,
429,
430,
431,
432,
433,
434,
435,
436,
437,
6‘8.
439,
440,
441,
442,
443,
444,
445,
s46,
447,
448,
449,
450,
451,
452,
453,
454,
455,
456,
457,
458,
459,
460,
461,
462,
463,
464,
465,
466,
"67.
468,
469,

310

320

400

410

420
430
500

500

610

620

700
710

720

IF(J.GE.LIM(16)) 50 TO 310
IF(LIM(LL) .GT.JY GO TO 320
CONTINUE
NRUNS(119LL)=NRUNS(11sLL)+1
IC(11)=0

GO TO 500

CONTINUE

GO TO 500

CONTINUE

IF(J]1,GE.J?) GO TO 500
[F(J14GEL11) JU3=J1+1
IF(J1,LTe11) U3=12

DO 430 1=xJ3.42

J=I1C(D)

IF(J.LFELO) GO TO 500
D0 420 L=1+16

LL=17=L

IF(JeGELLIM(16)) GO TO 410
IF(LIMILL) «GT . JIGD TO 42n
CONTINUE

NRUNS (ToLL) =NRUNS(TsLL) 1
IC(I1=0

GO TO 430

CONTINUE

CONTINUE

CONTINUE

Je=J1

CONTINUE

REWIND ?

Do 620 Ial.21

J=1C(1)

IF(JaLT,LIM(16}) GO TO 610
NRUNS (T+16)=NRUNS(1+16) +1
GO TO 620

CONTINUE

IF(J,EQ,0) 6O TO 620

NRUNS (T9J) =NRUNS {1 e J) ¢
CONTINUE

Do 710 Jzl,16

DO 700 I=1,21

NRUNS (22 ¢J) 2NRUNS (22 ¢ J) +NRUNS ( T+ J)
CONTINUE

CONT INUE

DO 720 J=1.16

JJu=1Te=y

JJl=JJ=-1

NRUNS (22+JJ1 )1 =NRUNS (220JJ]1) ¢ NRINS (22 e J Y
CONTINUE

RETURN

END

B-20
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794, SUBROUTINE RUNS(UsNTeSLIMsL IMeNRUNS)

79%,. NIMENSION 1I(NT) «SLIM(21) +sLIM(16)41C(22) ¢NRUNS(?2416)
796. J2=0

797, Do 1 I=1.22

798, ICtI} =0

799, no 1 J=l.16

800, 1 NRUNS(TIsJ)=n

801, [ DETERMINE OEPARTURE
802. DO 600 IT=14¢NT

803, DO 50 Iu=12+21

804, IF(UCIT) «GE,SLIM(IU))Y GO TO 10
805, IL=22=-1V

806, IF(U(IT)LLF.SLIM(IL)) GO TO 20
8n7, IF(UCIT) LT, ,SLTM(12) JANDU(IT) ,GT ,SLIM(10)) GO TO 60
RoB, GO T0 100

809, 10 CONTINUE

810, II=1U

811. GO TO 30

812. 20 CONTINUE

813, II=1L

8l4, 30 CONTINUE

815, IC(II)=IC(I1)+}

816, 50 CONTINUE

817, GO T0O 100

a18, 60 CONTINUE

819, 11=11

820. IC(II)=IC(11)+)

821, 100 CONTINUE

az2, c DETERMINE DURATION OF DEPARTURE
023, Ji=11

R24 ., IF({J2.EQ.0) G0 TO S00
825, IF(J2=11) 200+300+400

B26h, 200 IF(J1.LE.J2) GO TO S00

827. IF(J1.LEL1)) JU3=Jl~-]

828, [F{J1.GT,12) J3=l0

829, NO 230 1=J2.J3

a30. J=IC(I)

8131, Do 220 L=1.16

832, LL=]17=L

833, IF(J.GE.LIM(16)) GO TO 210
834, IF(LIM(LL) .GToJ) GO TO 220
83S, 210 CONTINUE

836. NRUNS (ToLL)=NRUNS(1sLL)+1
837, IC(Iy=9

8138, GO YO 230

839, 220 CONTINUE

840, 230 CONTINUE

841, GO TO S00

842, 300 CONTINUE

843, IF(J1.EQ,11) GO To So0

844, J=1C(l])

845, no 320 L=l.16

Ba6, LLEl17~L

847, IF(J.GE.,LIM(16)) GO To 3l1a
848, IF(LIM(LL) .GTJ) GO TO 32n
849, 310 CONTINUE

B50, NRUNS (11 eLL)=NRUNS(11sLL)*)
851. IC(11)=0

as2, GO TO 500

853, 320 CONTINUE

854, G0 YO 500

8ss, 400 CONTINUE

856, [F(J1.6GE.J2) GO TO 500
857. IF(J1.GE.11) J3=Jl+1

ass, IF(Jl.LT 11y J3=12

859, DO 430 I=J3.J2

850, J=1C (I}

861, IF(JJLEL0) GO 10 S00
862, DO 420 L=1.16

863, LL=1T7-L

B-21
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864,
865,
866,
8687,
848,
849,
870.
871,
872.
873,
874,
87s.,
a76,
8717.
ara,
8719,
810,
881,
8a2.
833,
884,
885,
886,
887,
888,
889,
890,
891,
a’s2,
893,
994,
895,

420
430
500

~00

610

620

700
710

720

IF(J.GF.LIM(16)) GO TO 410
IF(LIMILL) ,GTJIGO TN 420
CONTINUE

NRUNS (ToLL) NRUNS (TolL) ¢)
IC(1)=0

GD TO 439

CONTINUE

CONTINUE

CONTINUE

Je=J1

CONTINUE

DO 620 [al,21

J=IC(D)Y

IF(JeLTeLIM(16)) GO TO 610
NRUNS (T916)aNRUNS(1916) 41
GO TO 620

CONTINUE

IF(J.EQeN) GN TO 620
NRUNS (TeJ)=NRUNS ([ eJ) ¢
CONTINUE

no 710 Jzls16

Do 700 I=l.21

NRUNS (22+J) =NRUNS (22 J) +NRUNS (10 J)

CONTINUE
CONTINUE
DO 720 J=l.l6
JJalTey
JJ1=Ju-1

NRUNS (229JJ1) =NRUNS (229 JJ1) +NRUNS 122+ J.J)

CONT INUE
RETURN
END

B-22
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783,
784,
785,
786,
787.
788,
789.
790,
191,
792,
793.

392,
393,
394,
395,
396.
397.
3o,
399.
400,
401.
402,
4n3,
406,

SUBROUTINE WAUTO(AMEANVARVACVsACORWND}
DIMENSION ACV(ND) o ACOR(ND)
WRITE(6+1001) AMEANs VAR

1001 FORMAT(//+T20s'AUTOCOVARIANCES AND AUTO CORRFLATIONS?! »T6KSy
+ TMEAN = ' FA,49TASs'VARIANCE = 14F8,44/)
WRITE(6+1002) (ACV(I)seI=1sND)

1002 FORMAT(T10412F10,44/T10912F10.4/)
WRITE(6+1003) (ACOR(I}sIaleND)

1003 FORMAT(T10412F10.4¢/T10412F10.,4/)
RETURN
END

SUBROUTINE WDATAX(XsNCeNReIYyAVEsSDsVARSKEWsCKURT)
NIMENSTION X (NCoNR) o 1Y (NR) s AVE (NC+1) oSD(NC+1) ¢ VAR(NC+1) +SKEW(NCe1) o
¢+ CKURT(NC+]1) «NAME (53)
TATA NAME/IMEAN® 9!  SDts* VAR 'SKEW!, tKURT?/
WRITE(6+10) (1Y (J)9sJ=1eNR) s (NAME(I)s[=]45)

10 FORMAT(IH 92Xs1291191591Xe5(2X9A4))
DO 20 K=1sNC
WRITE(6+30) (X(Ks 1) rI=1oNR)JAVE (K) ¢SO (K) ¢+ VAR(K) ¢ SKEW (K)o
+CKURT (K)

30 FORMAT(1H +20F5,245F6.3)

20 CONTINUE
RF.TURN
END

END FTN 1861 IRANK 9428 DHANK

—

917,
918,
919.
920,
921.
922,
923,
924.
925.
926,
927.
928,

SUBROUTINE WDATIY(NCsAVEYSDIVARISKEWCKURT)
DIMENSTION AVE (NC+1) 9SO(NC+1) s VAR(NC+1) s SKEW(NC+1)»
+CKURT (NC+1) s NAME(S)
DATA NAME/ YMEAN' SO%e! VAR''SKEWTytKIRTY/
WRITE(6e10) (NAME(I)sI=145)
10 FORMAT (1HO ¢ tMONTH® ¢S (4XsAB))
DO 20 I=lsNC
WRITE(6930)T+AVEIT) oSDUI) oVAR(]) e SKEW(TY»CKURT(T)
30 FORMAT(1IH +1595F80.2)
20 CONTINUE
RETURN
END

B-23
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470,
471.
472,
473,
474,
478,
476'
477,
478,
479,
480,
481 L]
482,
483,
Ae‘l
485,
486,
487,
488,
489,
“90.
491,
492,
493,
494,
495,
496,
497,
498,
499,
500,
501,
5n2,
Sn3,
Sna,
505,
Sneé,
Sn7.
518,
Sn9,
510.
S511.
512.
513,
514,
515.
516,
S17.
s18,
519.
520.
521.
522.
523,
524,
s25.

C
C
C

1
1001
10
1002
1003

20
1004

1005

25

26

27

1010

28

1011

1012

29

SUBROUTINE WRUNS (NRUNSsNRINCySLIMyLIMyISW)

DIMENSION NRUNS(NR9NC) 9S) IM(NR) o1 IM(NC) 4PRUNS (254+20)
DIMENSION ICRUNS(21¢16) yCRUNMSI(2]1415)

EQUIVALENCE (TCRUNS(1+s1)9CRUNS(141))

00 1 I=2l.21

DO 1 J=1.16

ICRUNS(1ed) =0

WRITE(651001) LIM

FORMAT(1Hly TSe'PERSISTENCE ANALYSIS'/»T40s'RUN DURATION
¢V /TS VSPEENt+SXe1617)

DO 10 I=1ls10

WRITE(691002) SLIMOL) ¢« (NRUNS(IeJ)oeJ=1leNC)
FORMAT(T4st<c?osF5,295X51617)

WRITE(691003) (NRUNS(I19J)ednleNC)
FORMAT(T3s ' AVERAGE " +5Xe1617)

DO 20 1=12,21

WRITE(6+1004) SLIM(I) e INRUNS(IsJ)eJ=]leNC)

FORMAT (TA9t>*yFS5,2¢5X91617)

WRITE{641005) (NRUNS{22+J) 9sJ=]l4NC)

FORMAT (TS 1TOTALYySXel61T)

FORM CUMULATIVE RUN TABLFS

DO 25 I=1+21

JSUM=0

DO 25 J=l.l6

JI=1T7=J

JSUMZJSUMSNRIINR (T4 JJ)

ICRUNS(I+JU)=ICRUNS (T sJJ) ¢+ JSUM

CONTINUE

DN 26 1=2+10

DO 26 J=1+16

JJd=17=J

ICRUNS(1oJU)=ICRUNS(IoJJ)*+TCRUNS(TI=1+Jd)

CONT INUE

ND 27 1=1+9

DO 27 J=l+16

11=21~-1

NNED RN

ICRUNS(IToJJI=ICRUNS(IToJJ)¢ICRUNS(IT+]1dy)

CONTINUE

WRITE(6+1010) LIM

FORMAT (/1H TS 'EXCEFDENCE ANALYSIS OF PERSISTENRE EVEMTS? ¢TS5,
+ tLOW WINM SPEEN EVENTS?t /TS0y tRUN NURATION [N MONTHS '+ /TS,
. tSPEEDYySxe1617)

DN 28 1=1y10

WRITE(641002) SLIM(I) s (TICRUNS(I9J)eJd=1s16)

WRITE (61011 LLIM

FORMAT(/1H «TSS "t *AVERAGE Y WIND SPEEDN EVFNTS?+/TSe'SPEED? 95X
. 1617)

WRITE(6+1003) (ICRUNS(11eJ)ed=191r)

WRITE(6+1012) LIM

FORMAT(/1H 4755, *HIGH WIND SPEED EVENTS's/TSe '*SPEFDYsSXy1617)
DO 29 I=12,21

WRITE(691004) SLIMII) s (ICRUNS(IeJ)ed=1+16)

IF(ISW.FQ.N) GO TN 999
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526,
527,
528,
529,
530.
531,
532.
533,
534,
535.
536,
537,
538,
5139,
S40,
S41,
542.
543,
S44,
545,
Sab,
S5a7,
548,
549,
550.
551.
S52.
553,
554,
555.
556,
557,
ss5a,
559,
5600
561,
562.
563.
S64,
565,
S66.
567,
568,
569.
570,
5T1.
S72.
573,
574,
S75,
ST6.
S77.
578,

OO0

OO0

1000

30

40
1006
1007

50
1008

1009

60

65

70

1013

75

1014

CONVERT NRIINS TO PERCENT FREQUENCY

WRITF (641000}

FORMAT (1H1)

TRUNS=NRUNS (22+1) /100,

N0 30 1=1.2?

DO 30 U=1y9NC

PRUNS (T eJ)=NRUNS (T19J) /TRUNS
WRITF(6+1001)LIM

DO 40 I=1s10

WRITE (691006) SLIMII) 2 (PRUNS(TIeJ)eJd=]leNC)
FORMAT (T4t <¢?eFS5,2¢95X916F7,3)
WRITE(6+1007) (PRUNS(11l9J)sJ=1eNC)

FORMAT (T3 *AVERAGE"eSXs16F7.3)

Do S0 I=12.21

WRITE(69100R) SLIM(I) e (PRUNS(TeJ)sJda]l9eNC)
FORMAT (Tée?> ' yF5,295X916F7,3)
WRITE(6+1009) (PRUNS(22sJ) +J=]1eNC)
FORMAT(TSe *TOTAL'"+5SX916F7,.3)

CONVERT CUMULATIVE RUN TaABLE< TO PERCENT FREQUENCY

TRUNS=TICRUNS (1041)

DO 60 f=1s10

DO 60 J=1s14h

CRUNS (19J)=ICRUNS(IeJ) /TRUNS®100,
TRUNS=ICRUNS (11+1)

N0 65 Jslel6
CRUUNS(119J)=ICRUNS(11+¢J)}/TRUNS2100.
TRUNS=ICRUNS (1241)

DO 7o J=lslb6

DN 70 1=12.21
CRUNS(12J)=1CRUNS(T+J)/TRUNS®100,
WRITE(6+1013) LIM

FORMAT(/1H oTSe*PROBABILITY OF LOW WIND SPEFD EVENTS HAVING LOWER
+MAGNITUDE OR GREATER DURATION THAN INDICATION'®+/TSy*SPEED' 55X,

. 1617)

DN 75 I=ly10

WRITE(691006) SLIM(I) s (CRUNS(IsJ)sJalelh)
WRITE(6+1014) LIM

FORMAT(/1H +TS+*'PROBABLE DURATION OF AVERAGF WIND SPEED EVENTSt/

+ TS *SPEFDY+5Xe1617)
WRITE(691007) (CRUNS(11ed)sd=1s16)

" WRITE(6+1015) LIM
FORMAT(/1H +TS5¢'PROBABILITY OF HIGH WIND SPEED EVEMTS HAVING HIGHF
+R MAGNITUDE OR LONGER DURATION THAN INDICATEN'e /TSy tSPFENTeSXy

1015

80
999

+ 1617)

Do 80 I=12,21

WRITE (6+1008) SLIM(I)e(CRUNS(TeJ)ed=1416)
CONTINUE

RETURN

END

B-25
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APPENDIX C

WIND SPEED ANALYSIS PROGRAM

This appendix presents a program for analysis of wind data to provide the
parameters required for wind speed simulation. As listed at the end of the
appendix, the program is set to accept data from 1 day every other month,
starting in January. It is assumed that the day chosen is about the middle of
each month. In our data analysis we used the 15th of each month. We used 24
observations for each day, although the program can be modified to accept
fewer observations.

The heart of the analysis is in 4 subroutines: CMTS3, FFIT1, FFIT2 and
FTAUTO. Table C-1 provides brief descriptions of the subroutines. FFIT] and
FFIT2 are nearly identical. The primary difference between them is in the
assumed spacing of the observations. In FFITI1 it is assumed that the obser-
vations occurred at the center of the observation interval, while in FFIT2
it is assumed that the observations occurred at the center of the first half
of the observation interval. This difference is apparent in the definition of
ANG in the 2 subroutines; Tines 268 and 283 in FFIT1, and lines 185 and 200 in
FFIT2. The reason for the difference is the data used. Data were available
for each hour; therefore each observation corresponds to one increment in the
angle and can be assumed to occur at the center of the interval. With data
available every other month, however, each increment in angle must correspond
to 2 months. Thus, the observation or average is assumed to occur at the
center of the appropriate month rather than the center of the interval. If
the wind observations used had been reported 8 times a day, the period for the
Fourier series would have been 8 rather than 24, and the constant subtracted
from RI in the definition of ANG would have been 1/6, 1/2 or 5/6, depending on
the time of the observation.

The basic organization of the program is: data input, determination of mean
speeds as a function of time of day and month, computation of wind speed standard
deviations as a function of the time of day and month, analysis of the standard
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TABLE C-1. Subroutines Used in the Wind Speed Analysis Program

NAME USE
CMTS3 Computes moments of data in columns of a 2-dimensional array
FFITI Evaluation of the amplitude and phase angles for seasonal variations

of standard deviation and decay constant
FFIT2 Evaluation of the amplitude and phase angle of the diurnal variation
of the standard deviation
FTAUTO IMSL subroutine to compute autocovariances and autocorrelations
WDATAX OQutput data and statistical moments for data in a 2-dimensional array

deviations, computation of a decay constant for day and an average decay constant
for each month, and evaluation of the seasonal variation of the decay constant.
The analysis of the standard deviations starts with the determination ot a mean
and the amplitude and phase angle of its diurnal variations.

Lines 5 through 11 in the program are used for initial data input. It is
1ikely that they will require modifications to accomodate the format of avail-
able data. Lines 19 through 39 compute the average wind speeds. If sufficient
data were available, this section would generate a table similar to Table 1
that could be used for evaluation of the seasonal and diurnal variation of the
mean. The required programming would be similar to the programming used for
the analysis of the standard deviations.

The wind speed standard deviations for each time of day and month are com-
puted and printed by the section of the program between lines 43 and 75. The
amplitude and phase angle for the diurnal variations of the standard deviations
for each month are computed and printed by lines 83 through 95. Seasonal vari-
ations of the mean and diurnal amplitudes and phase angles of the standard devi-
aions are determined by the code between lines 96 and 116. Finally, the section
of the program from line 118 through 127 computes parameters for simpler models
of the standard deviation.

The Tast section of the program analyzes the hourly deviations from the
mean to determine decay constants. In Tines 131 thrugh 138, a decay constant is



computed for each day's data. These decay constants are analyzed between lines
144 and 151. Initial analysis of the decay constants involves the computation
of the moments of the distribution for each month. The seasonal variation of
the monthly means is then evaluated, and model parameters are computed and
printed.

Tables C-2 and C-3 1ist the arrays and variables used in the main program
and briefly describe their usage.

TABLE C-2. Arrays Used in the Wind Data Analysis Program

NAME USE

ASPD Average wind speeds (hour, month)

AVLAM Average decay constant (month)

CKURT Coefficient of kurtosis of decay constant distribution (month)

HEADER Title or description

IYR Year of the data being analyzed

SD Standard deviation of the decay constant distribution (month)

SDAMP Amplitude of the diurnal variation of the standard deviation (month)

SDBAR Mean standard deviation (month)

SDPHI Phase angle of the diurnal variation of the standard deviation (month)

SKEW Coefficient of skewness of the decay constant distribution (month)

SPD Wind speed observations, also used in computation of the standard
deviations (hour, month, year)

VM Standard deviations of speed (month + annual)

XLAM Decay constant (month, year)
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TABLE C-3. Variable Names Used in the Wind Speed Analysis Main Program

NAME USE

ACOR Autocorrelation from FTAUTO

ACV Autocovariance from FTAUTO

C0SCO Cosine coefficient for first-order term in Fourier series

F F-statistic for evaluation of the fit of the Fourier series

GAMA Phase angle for the seasonal variation of the decay constant
(y in Eq. 6)

NHOURS Number of hours per day for which data are being analyzed

NMTHS Number of months per year for which data are being analyzed

NYRS Number of years for which data are being analyzed

RV Residual variance after fitting a Fourier series

SINCO Sine coefficient for first order term in Fourier series

v Variance returned from FTAUTO, not used

WB Mean returned from FTAUTO, not used

XAMP Amplitude of the variation of the standard deviation

XLAMO Mean decay constant (Ay in Eq. 6)

XLAM] Amplitude of the seasonal variation of the decay constant (A] in
Eq. 6)

XPHI Phase angle for the variation of the standard deviation

XVE Mean standard deviation from the fitting of the Fourier series

XX Work space for use of FTAUTO, not used

YY Work space for use of FTAUTO, not used.
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25,

28,

36.

a9,
40,
41.
42,
43,
44,
45,
46,
47,
48,
49,
50,
Sl.
52,
53,

OO0

OO0

[ e Ne]

1000

1001

10
1002

20

30

1003

+

DIMENSION HEADER({20) o IYR(25)+SPD(24912925)+ASPD(244+12) o+ XLAM(6420)
yAVLAMI12)95D(12) ¢ VAR(12) +SKEW(12) +CKURT(12)

DIMENSION VM(13)¢SDOBAR(12)4SDAMP (12) «SDPHI(12)

FORMAT (1H1)

READ(5+1000) HEADER

FORMAT (20A4)

READ(S¢1001) NYRS+NMTHSyNHOURS

FORMAT (10X41415)

DO 10 Iy=1sNYRS

D0 10 1M=19NMTHS

READ(S5+1002) 1YR(IY) s (SPN{THeIMeIY) s IH=19NHOURS)

FORMAT (I1296X924F3,0)

NY1=NYRS+1

NY2=NYRS+2

NY3=NYRS+3

COMPUTE AVERAGE SPEED BY MONTH AND TIME OF DAY

DV 30 IM=]1 +NMTHS
no 30 IH=1+NHOURS
SUuM=0,

no 2o lY=1eNYRS

SUM=SUM+SPD (IHe IM, 1Y)
ASPD (IHe IM) =SUM/NYRS
CONTINUE

WRITE AVERAGE SPEEDS BY MONTH anND TIME OF Day

WRITE(6e])

WRITE(6+1003) HEADER
FORMAT(1H /7 T542044/77)
WRITE (6+1005)

1005 FORMAT(1H +10Xe *AVERAGE SPEFD BY MONTH AND TIMF OF DAY'®e//

1006
100

40

+
+

TIOe*MONTH® 9IX e "1 " 90X e 030490 ?5t g0 e Tt eOXe 9 8Xs*110//T11y
YHOUR?')

DO 100 IH=1 ¢ NHOURS

WRITE(6:1096) IH=1s (ASPD(IHeIM) s IM=] NMTHS)

FORMAT(1H +T13912¢6F10,1)

CONT INUE

COMPUTE HOURLY DEVIATIONS

DO 40 IM=] o+ NMTHS
DO 40 IH=1 s NHOUWS
Ny 49 I1Y=14NYRS

SPD(IHeIMeIY)=SPD(IHyIMeIY)=ASPD(IHsIM)
SPDUIHeIMeNYZ)=SPD{THe IMeNY2) oSPD(IHy IMy 1Y) 202
CONT INUE

COMPUTE HUURLY STANDARD DEVIATIONS

No 42 ITH=1 s NHOURS
DO 42 IM=1 s NMTHS
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54,
55.
S6.
57.
58,
59,
60,
61.
62,
63.
64,
65,
66'
67.
68,
69,
10.
71,
72.
73.
T4,
1S5.
76.
17.
78,
79.
80.
Bl.
A2,
a3,
A4,
RS,
86,
a7,
RA,
89,
a0,
91,
92,
93,
94,
95,
96,
97.
98,
39,
100.
10l.
1024
103.
104,
105.
106,
107'
l10R,
1n9.
110,

D00

SPO(THy JMenY 1) =SQRT (SPN(IHy IMyNY2)/ (NYRS=1))
42 CONTINUE
VM{13) =0,

DO 44 [Me=] s NMTHS
VM (M) =0,
D0 43 IH=1¢NHOURS

VM(IM)=VM{IM) sSPD(IHy IMINY2)
43 CONTINUE
VM{13)aVM(]13) s VM (M)
VM{IM)2SURT (VM (IM) / (NYRS#NHOURS=1))
44 CONTINUE
VHM{13)2SURT (VM {13) /{NYRSONHOURSONMTHS=1))
WRITE(6s1)
WRITE(691003) HEADER
WRITE(6+1007)
1007 FORMAT(1IH +10Xs*STANDARD DEVIATIONS RY MONTH AND TIME OF DAYy //
IS T100 "MONTH 99X e 01t 9OXo 030 3O0Xs 1St eOX T 90X st ,8Xy?110//T11
+ *HQUR ')
DO 110 IH=) s NHOURS
WRITE(6+1008) TH=1«(SPO(IHeIMINY1) 9 IM=]NMTHS)
1008 FORMAT(1IH +T13912+6F10,2)
110 CONTINUE

ANALYSIS OF SEASONAL AND DIURNAL VARIATION OF STANDARD DEVIATIONS

WRITE(6+1)
WRITE(6+1003) HEADER
WRITE(6+1009)
1009 FORMAT(1IH o//TS5+'ANALYSIS OF DIURNMAL VARIATIONS '//)
DO 120 IM= ] sNMTHS
IH=1
CALL FFITZ2(SPD(IHsIMsNY1) sNHOURSs24,sUsXVEsCOSCOsSINCOSF+SPD(TIHeIM
. sNY3) eRV)
SDRAR(IM) =XVE
SDAMP { [M) =SQRT (COSCO®a24+SINCO®®2)
SOPHI(IM)=ATAN2 (COSCOsSINCO)
120 COUNTINUE
No 121 IM=1eNMTHS
WRITE(6+1010) IMeSNBAR(IM) «SDAMP (IM) +SOPHI (IM)
1010 FORMAT(1H o 20Xe*MONTH Z*9]1395Xs'SDAVE =?yFA,3¢5X9 'SOHAMP =7,F8,3,
. SXs *SOPHASE =1t,FA,3/)
121 CONTINUE
CALL FFIT1(SDBARGYNMIHS 946,919 XVE2COSCOsSINCOIF+SDIARIRY)
WRITE(6410]11)
1011 FORMAT({IH +T10+?'SEASONAL VARIATION */)
XAMP=SQRT (COSCO®%2+SINCO®®2)
XPHI=ATANZ2 (COSCOsSINCD)
WRITE(691012) XVE+XAMPoXPHT
1012 FORMAT(IH 2T20¢"MEAN =9 ,FB 3¢SX s 'AMPLITUNE =1,FR,3,5X s 'PHASF ANGLE
s =V4F8,3//)
CALL FFIT1(SDAMPYNMTHS 6,91 4XVE2COSCNWSINCOsF+SDAMP,4RYV)
WRITE(6+1013)
1013 FORMAT(1H +T10+*'SEASONAL VARTATION OF THE AMPLITUDE OF THF DIURNAL
+ VARIATION OF THE SI DEV.'/)
XAMP=SQRT (CNSCO#BR+SINCO#®2)
XPHI=ATANZ{CNSCO+SINCO)
WRITE(6+1012) XVE+XAMP s XPHT
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1015

1016

45
50

1004

WRITE(6+1014)

FORMAT (1H +T10+'SFEASONAL VARIATION OF THE DIURNAL PHASE'/)

CALL FFITL(SDPHI+sNMTHSsH6,019XVEsCOSCOsSINCOF+SNPH]sRV)

XAMP=SQRT (COSCO##2+SINCO##2)

XPHI=ATANZ (CNSCO+SINCO)

WRITE(6+1012) XVEsXAMPyXPHI

WRITE(6s1)

WRITE(A+1003) HEADER

WRITE(6+1015)

FORMAT (1H +//T54*ANALYSIS OF SEASONAL VARIATION OF THE ST DEV,.'//)
CALL FFITL(VMIMMTHS+6,91 9 XVEsCOSCOsSINCOIF s VMeRY)

XAMP=SQRT (COSCOuB24SINCORRD)

XPHI2ATANZ2 (COSCOSINCO)

WRITE(6+1012) XVE+XAMPeXPH]

WRITE(6+1016) VM(13)

FORMAT(LIH o//7/T75+ST, DEVIATION WITHOUT SEASAONAL OR DIURNAL VARIAT
+ION =1,F10,3/)

COMPUTE HOUR=TN=HOUR CORRELATJIONS

DO 50 IY=19NYRS

DO 50 IM=]1 s NMTHS

CALL FTAUTO(SPD(l+eIMyIY) oNHOURSsI90¢5+WReVeACVIACORIXX YY)
IF{ACOR.GE,N.,05) GO TO 45

XLAM(IMe1Y)==99,0

GO T0 S0

XLAM(IMy1Y)=ALOG(ACUR)

CONTINUE

WRITE(6y1)

WRITE(6+1003) HEADER

COMPUTE AVERAGE LAMBDA HBY MONTH

CALL CMTSI(XLAMINMTHSsNYHRS ¢ AVLAMsSD VAR SKEWCKURT)

CALL WDATAX (XLAMINMTHSINYRGsJYRsAVLAMsSNIVARISKEWCKIURT)

CALL FFITI(AVLAMINMIHS 36,91 9XVEsCOSCO9STNCOFIAVLAMIRY)

XLAMO=XVE

GAMAZATANZ (COSCNSINCO)

XLAM1=SQRT (COSCO®Bu2+SINCO®22)

wRITE(6+1004) XLAMOsXLAM]»GAMA

FORMAT(///T10s'LAMBDAD =zt eFB 4! LAMBNDAL =0 ,F8, 4, GAMA =9,F8,4)
END
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363,
364,
365.
366,
n7,
368,
369.
370'
371.
372.
373,
374,
3rs.
376.
377.
3rs,
379.
3s0,
3sl.,
38?7,
383,
384,
3g5.
346,
3a7.
3R8,
389,
390,
39,

100

150

200

SUBROUTINE CHTSI(XeNCoNHeXMeX]19X2eX3eX4)

DIMENSTION X {NCyNR) ¢ XM{NC) o XTI (NC) o X2 (NC) ¢ X3 (NC) ¢ X4 (NC) ¢N(3I66)
Nno 200 [=21+NC

N(T)=0

SUM=n,

DO Y00 Jxl.NR

IF{(X{led) eLTo~90,) GN TO 100
SUM=SUM+ X (TeJ)

N(T)=N(])+]

CONT INUE

XM{1)=SUM/N(IT)

S2=0,

S3=0,

S4=0,

Do 150 J=1,yNR
IF(X{Ied)eLT,=90,) GO TO 150
Y=X{ls+J)

YYSY®Y

S2=82+YY

S3=2S3sYayYyY

S4=SbeYYRYY

CONTINUE

X2{1)=Sg2/(N(I)=1)
X1(1)Y=SORT(X2(1))
X3([)Y=S3/7(N(IY®X2(1)ex1 (1))
X6(I)ESE/IN([)#X2(I)#X2(1))
CONT INUE

RETURN

END
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229.
230,
231.
232,
233,
234,
235,
236,
237.
238,
239,
2490,
241,
242,
243,
244,
245,
2‘6.
247.
24R,
249.
250,
251 -
252.
253.
254,
255,
256,
2517,
258,
7?59,
260,
261,
262,
263,
266.
265,
266,
26T,
268,
269.
270,
271,
272.
273.
274,
275.
276,
277.
278,
219,
280,
2Al,
282,
283.
284,
285.
7286,
287,
2A8.
289.
290.
291 L
292,
293,

OO0 OO0ON

o] QOO0

s NsNe]

10

20

30

40

50

60

SUBROUTINE FFIT1(XeNXePERIMENDyAQOsAMeRM4FMeRFESsRV)

SUBROUTINE FFIT] FITS AN MTH ORDER FOURIER SERJES TO A DATA SET
AND COMPUTES AN F STATISTIC FOR EACH NEW PAIR OF TERMS, THE
METHOD OF FITTING THE FOURIER SERIES IS DESCRIBED IN SECTION 2,4
OF RLOOMFIELD (1976)., THFE F TEST IS DESCRIRED IN SFCTION 13,8 OF
BROWNLEE (1965),

DIMENSION X (NX) g AM(MEND) ¢BM(MEND) ¢ FM(MFEND) s RES (NX) sRV (MEND)
T1=6,28318/PFR

S1=90,

S2=0,

P=0

COMPUTE AND REMOVE MEAN

0o 10 I=1sNX
IF(X(])sLT,=90,) THEN
PPt
GO TO 1n
END IF
S1=S1eXx(I1)
CONT INUE
AD=S1/ (NX=P)
Do 20 I=1sNX
IF(X(I) LT =90, GO 10 20
RES(I)=X(1)=A0
S2=S2+¢RES(]) ae?
CONTINUE
5SA1=52

COMPUTE THF FOURIFR COEFFICIENTS

no 40 M=1] 4 MEND

S3=0,

S4=0,

Nno 30 I=1eNX
IF(X(I) LI =90.) GO TO 30
121

ANG=T]I# (RI=,75) %M
$3=S3+RES () #COS (ANG)
S4=S4+RES (1) #SIN(ANG)
CONTINUE

AM (M) =53/ (NX=P) a2

BM (M) =S4/ (NX=P)#2
CONTINUE

COMPUTE THE CUMPARISON F STATISTIC

DO 60 M=1yMEND

55=0,

DO 50 I=19NX
IF(X(I).LT,=90,) GO TO 50
RI=1

ANG=T1# (RI=,7%) ¥M
RES(I)=RES(I)=AM(M) 2COS (ANG) =RM (M) ®#SIN(ANG)
S5=SS+RES(I)2RES(])

CONT INUE

S$S02=55
VAR=SSQ2/ ( (NX=P)=28M=1})
RV (M) = VAR
FM(M)=(SS5Q01=55Q2)/ (2%VAR)
SSQ1=5S

CONT INUE
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294,
295.
296,
297.
29“.
299,
300.
3nt.
3ng.
3n3a.
304,
30S.
306,
307.
308,
309,
3lo,
311,

c WRITE OUT RESULTS OF FIT
¢ .
WRITE(6s1000) AOsPER
1000 FORMAT{1HO« T204'RESULTS OF FITTING FOURIER SERIESYe//T10,

. TMEAN =09F10,3910Xy'RBASIC PERIOD =*4F10,3+/TS»*ORNER' 4TI,

. * COS COEF'9T30s*' SIN COEF'4T4S, F STAT*+T60,

. 'DOF Nt T70s'DUF D*9TBO,? A *9T9Se!" PHI*yTI08s'RV?)
I0FN=2

DO 70 M=1sMFND
IDFDz (NX=P)=2#M=]
A=SQRT (AM{M) a2 +BM (M) #e2)
PHI=ATAN2 (AM{M) yBM(M))
WRITE(691001) MeAM (M) sBM (M) ¢FM(M) s IDFNoTOFNyAsPHIsRV (M)
1001 FORMAT(IHO 4TS IS eT1S5eF10.3¢T309F10430T45eF10,4eTAN,ISyTT0.15,780
+3F10,39/7)
70 CONTINUE
RETURN
END
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1530
154,
155.
156,
157.
158,
159.

160,
161,
162,
163,
164,
165,
166,
167,
168.
169.
170,
1710
172.
173.
174,
175,
176.
177,
178,
179,
180.
181.
1R2.
183,
184,
185,
186.
187,
188,
189,
190,
191,
192.
193,
194,
195,
196,
197,
19R,
199,
a2nn,
2()1.
202,
203,
2104,
20S,
206,
207«
208,
209.
210,
211.
2la.
213.
214,
215,
216,

laNeNe)

[ NeEa]

e N Ne]

10

20

30

40

50

60

SUHRROUTINE FFIT?2 (X eNXesPEHIMENDsARsAMsRMFMyRFSeRY)
DIMENSTON X (NX) o AM (MEND)Y «BM (MEMD) o FM(MEND) 9 PES (NX) g RV (MEND)
T1=6,2831b6/PFR

sl=0,

S2=0,

P=0

COMPUTE AND REMOVE MEAN

Do 10 [=19NX
IF{X(I) LT.=90,) THEN
P=Ps+]
GO TU 10
END IF
S1=Slex(])
CONT INUE
A0=S1/ (NX~P)
Do 20 I=1enNX
IF(X(1),LT,=90,) GN TO 20
RES(I)=X{l)=A0
S2=S2+RES(])»e2
CONTINUE
s$SnN1=S2

COMPUTE THE FOURLIER COEFFICIENTS

DO 40 Mz=1 ¢ MEND

s$3=0,

S4=0,

no 30 I=1aNxX
IF(X(1).LT,=~90,) GO TO 30
RI=1

ANG=T1#(R[=-,50) %M
S3=S3+RES (1) #COS(ANG)
S4=S4+RES (1) #SIN(ANG)
CONT INUE

AM (M) =S3/ (NX=P) 82

BM (M) =S4/ (NX=P) #2
CONTINUE

COMPUTE THE COMPARISON F STATISTIC

DO 60 M=) MEND

SS=0,

DU S0 I=1leNX
IF(X(])LTo=90,) GO TOQ S0
RI=1

ANG=TI#(R]=,50) M
RES(I)=RES(I)=AM(M)BCOS(ANG)=BM (M) #STIN(ANG)
SS=S5+RES(I)®RFS(1)

CONT INUE

5$SQ02=%5

VAR=SS02/ ((NX=P)=2%M=])
RV (M) = VAR
FM(M)=(SSQ1=S5Q2) /7 (2*VAR)
SSN1=S5

CONTINUE

WRITE QUT RFSULTS OF FIT

WRITE(6+1000) AUSPER

1000 FORMAT (1HO+ T209 *RESULTS OF FITTING FOURIER SERIFS?+//T10s

. "MEAN =t4F10.3910X9'RASTIC PERION =94F10,3¢/T59'0RDERT1S,
. T COS COEF'9T30e? SIN COEF*sT4&%, F STAT*,TK0,
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21T,
218,
219,
220.
221,
222.
223,
224,
225,
226,
227.
2728,

+ ‘NOF Nty TT
IDFN=2
DO 70O M=]sMFND
JOFD= (NX=P) =24
A=SQRT (AM (M) 4o
PHI=ATANZ (AM(M
WRITE (641001
1001 FORMAT(1HOsT5,
+3F10,3¢7/7)
70 CONTINUE
RF.TURN
END

Ds*DOF D' T8O A Y4T959" PHI'sT10Ry'RV?)

M=1
P+BM(M)8n2)

}sBM(M))

My AM(M) 9BM (M) FM (M) ¢ IDFNe TDFNyA9sPHT 4RV (M)

ISeT1SeF10.3¢T300F10,39T45¢F10,49T60915¢TT0e1S5+TBOs
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632,
633,
634,
635,
636,
637'
638,
639,
640,
641,
642,
663,
644,
645,

10

30
20

40

SUBRQUTINE WDATIX{XsNCeNRyIY+AVE+SDyVARSKEWCKURT)

DIMENSION X(NCeNR) o IY(NR? ¢+ AVE(NC+1) oSDINC+1) s VARINC*1) 9SKEW(NCs1) e
+CKURT (NC+1) +NAME (5)

DATA NAME/*MEANtst SDvyt VAR ¢ 'SKEW?y *KURT?/
WRITE(6+10) (NAME (1)9s1=145)

FORMAT (1HO» *DAY "5 (4XeA%))

DO 20 I=lsNC

WRITE(6+30)1+AVELT) oSDUT) oVAR(T) oSKEW (1) +CKURT (1)

FORMAT(1H +13+5F8,2)

CONTINUE

WRITE(6940) AVE(NC*L1)»SD(NC+]) e VAR(NC+1) oSKEW(NC+1) s CKURT (NC+1)
FORMAT(//1HO*TOTAL Y sFA,P94F8,2)

RFETURN

END
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