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Abstract

This thesis ciemonstrates the potential for using time-delay neural networks to
provide Launch Weather Officers (LWOs) at 45™ Weather Squadron (45 WS) with
advance warning of wintertime (November-March) peak wind speeds at the Atlas launch
pad. The 45 WS provides weather support to the United States space program at Cape
Canaveral Air Station, NASA's Kennedy Space Center, and Patrick Air Force Base. Due
to the complex wintertime environment produced by the effects of friction and instability,
45 WS LWOs consider wintertime launch pad winds their toughest forecast challenge.

Neural networks were developed, trained, and tested using observations of
wintertime peak wind speed, wind direction, and directional deviation collected from
March 1995 through March 1999 by 45™ Space Wing's Weather Information Network
Display System. Using current and past values of the observed elements, the networks
produced 16 forecasts of peak wind speed. The first forecast was valid for 30 minutes
past forecast start time, the second for 1 hour past start time, etc., up to 8 hours past start
time, for any start time.

Network performance was compared to three other forecasting options:
persistence, climatology, and randomly selecting wind speeds from a climatologically
based distribution. For forecasts at the end of the forecast period, networks that were
tested with data near in time to the networks' training data showed skill over the other

forecasting options.

Xiii




A new confidence measure for neural network forecasts based on mean absolute
error was also developed. Confidence for shorter forecast times was not necessarily
higher than for longer forecast times.

The results of this thesis provide a baseline for measuring future attempts at
forecast improvements and establish the neural network approach as a potential means of
enhancing peak wind sﬁeed prediction accuracy, especially for forecasts late in the

forecast period.
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A NEURAL NETWORK SOLUTION TO PREDICTING WIND SPEED

AT CAPE CANAVERAL'S ATLAS LAUNCH PAD

1. Introduction

1.1 Background

Six to eight hours before a rocket launch from the United States Air Force's Atlas
launch pad (located in southeast Florida), mission controllers need wind forecasts for
their launch and Mobile Service Tower rollback decisions. When the Mobile Service
Tower is rolled back, the rocket is left unsupported and exposed to the wind, so Launch
Weather Officers (LWOs) must be highly confident that peak wind thresholds will not be
exceeded. The disastrous consequences of unexpected high winds are obvious, but false
alarms lead to costly and time consuming launch scrubs.

Figure 1.1 shows a time series of 20 consecutive days of 30-minute maximum
peak wind speeds at 90 feet above the Atlas launch pad. The 30-minute maximum at a
given time step is defined as the highest wind that occurred during the 15 minutes before

| and after the time step. Several rapid increases are evident in Figure 1.1 (around time
steps 300, 1500, and 2000, for example), as are at least two periods of relatively small
changes in speed (time steps 900-1200 and 4600-4800).
Time series of wind speed data are highly non-linear and do not represent

analytical solutions of equations that describe the wind's behavior. For example, see
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knots
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5-minute Time Steps

Figure 1.1. 30-minute Maximum Peak Wind Speeds at 90 feet above the Atlas
Launch Pad. The non-linear nature of wind speed data is evident, but a low-
frequency sinusoidal pattern is also apparent.

Appendix A, which contains time series of the 5-minute peak winds observed during the
data periods used in this study. Artificial neural networks, however, have proven capable
of predicting future values of similar non-linear series (e.g., stock market indices [Saad et
al. (1998)] and electricity demand [Khotanzad et al. (1997)] to a high degree of accuracy
using only past series values. Elsner and Tsonis (1992) investigated a time series of sea
surface temperatures and concluded that neural networks are capable of short-term
predictions even if the underlying dynamics generating the data are chaotic. McCann
(1992) put it this way: "A neural network is an artificial-intelligence tool that excels in
pattern recognition. This tool can become another means of enhancing a forecaster's

pattern-recognition ability."
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The current research used a feed-forward back-propagation network with a three-
step tapped-delay input. Unlike the recurrent network used by Storch (1999), which fed
its intermediate forecasts back as inputs, the network trained and tested in the current
study used only observed values of the predictor set as inputs. Using tapped-delay inputs
incorporated the memory aspect intuitively necessary for improving on a persistence
forecast. Moreover, the tapped-delay network avoided the incestuous nature of recurrent
networks, which tend to propagate the effects of poor forecasts through several future

generations of forecasts.

1.2 Problem Statement

Accurately predicting the elevated point peak wind speeds at the Cape Canaveral
Air Station / Kennedy Space Center (CCAS/KSC) launch pads in winter is the 45 WS
LWO's greatest short-term forecast challenge. A more accurate method of forecasting
launch pad winds is necessary to ensure the safe, efficient employment of the nation’s

aerospace assets.

1.3 Thesis Outline

The following chapters detail efforts to address the problem of predicting
wintertime launch pad winds using artificial neural networks. Chapter 2 summarizes
applicable previous work in the area of neural nets. Chapter 3 presents a short
introduction to artificial neural network theory. The specific neural network
methodology used 1n this research can be found in Chapter 4. Chapter 5 summarizes the
results and conclusions of this study and offers suggestions for further work on this

problem.
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2. Literature Review

The literature is replete with the history, theory, and applications of artificial
neural networks (also known simply as "neural networks" and "neural nets") covering a
broad range of disciplines. Target recognition (Dean, 1994), voice recognition (Lindsey,
1991), and pilot head movement prediction (Lindsey, 1991) are just a few of the areas
where neural nets enjoy success.

In the last several years, meteorologists have also recognized neural networks'
inherent abilities to "learn" the rules associated with the non-linear mechanisms driving
diverse atmospheric processes. Neural networks have been used successfully in
predicting thunderstorms (McCann, 1992), tornadoes (Marzban and Stumpf, 1996), and
precipitation amounts (Kuligowski and Barros, 1998 and Hall et al., 1999).

Since this research focuses on predicting a time series, this literature review
concentrates on similar forecasting work. Dewdney (1997) questions the validity of the
neural net method and expresses concern for the apparent mystery surrounding neural
networks. Other sources, however, present artificial neural networks as outstanding
candidates for predicting nonlinear time series, suggesting similar success is possible in
forecasting wind speed.

In 1992, McCann stated, "... neural nets ... have the potential to solve pattern-
recognition problems that other methods have not yet been able to solve," and "... the
patterns associated with a particular weather phenomenon are not always easy to see."

As Figure 1.1 suggests, wind speed data are good candidates for neural networks'

pattern-recognition abilities. Any diurnal, synoptic, and seasonal signals that may be
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present in the overall pattern often obscure each other, and the data take on an apparently
random, patternless distribution.

| Time series of financial indices also frequently appear to have no pattern. Heim
(1995), however, not only showed that a neural network can skillfully predict the motion
of a financial index, but also developed a confidence table for assessing the validity of the
network's predictions. While forecasting financial time series with a neural network that
adapted its time delays as well as its connection weights, Gainey (1993) showed that even
a highly chaotic system is predictable.

Much of the criticism in the literature centers on the "black box" mystique
surrounding neural networks. Not knowing exactly how neural nets arrive at solutions is
troubling to some. Dewdney (1997), referring to the synaptic table of conneétion weights
from a trained network, says, "The.knowledge embedded in that table [is] inaccessible to
science and therefore valueless as a scientific resource. Science is about accessible
knowledge, not numerical hodge-podges." This, however, is a matter of form over
function: Although a forecaster may not explicitly understand #ow a network obtains its
predictions, the quality of the network’s outputs is what matters.

Good network forecasts are the only justification most meteorologists would need
for using neural nets operationally, but the weight table of a trained network may contain
scientific value and accessible knowledge after all.

... neural networks ... are phenomenological in that they assess the qualitative

characteristics of the underlying system's dynamics and make short-term

predictions based on that knowledge without providing a physical understanding
of the mechanisms that might be operating within the system. However,

successful predictions with such models can lead to useful hypotheses concerning,
for example, why certain inputs are associated with stronger connection weights
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compared to others--which can readily be interpreted as a hypothesis concerning
the physical nature of the system. (Elsner and Tsonis, 1992)

Roadknight et al. (1997) even go so far as to extract rules from their neural network's
weight tables to develop models of environmental processes. The authors synthesize
prognostic equations using the network’s connection weights that have the highest
relative importance.

Dewdney (1997) continues his concerns, noting,

For the rest of us, neural nets have had a something-for-nothing quality, one that

imparts a peculiar aura of laziness and a distinct lack of curiosity about just how

good these computing systems are. No human hand (or mind) intervenes;

solutions are found as if by magic; and no one it seems, has learned anything.
Responding to these concerns, Roeder (1999) points out, "Interestingly enough, if one
developed a set of highly stratified statistical regressions as a climatological application,
these objections wouldn't be raised. But in essence, that is what a neural net does, a
continuously stratified non-linear regression.” Furthermore, humans obviously program
the network and determine the functions the algorithm uses to adjust the connection
weights. Moreover, if a neural network accurately predicts launch pad winds, the payoff
is immediate and tangible, even if no one learns anything about the wind.

McCann (1992) may have addressed this matter best: "... it is practically
impossible to understand the 'black box." The conclusions of this analysis are not very

satisfying to scientists. Acceptance comes from how well the networks have learned real

patterns."
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3. Neural Network Theory

3.1 Biological Basis

Artificial neural networks are loosely patterned after the brain's neuronal
connections. Neurons, the fundamental building blocks of the nervous system, are
connected along dendritic and axonal paths at junctures known as synapses (see

Figure 3.1).

Axon (Carries
sighals away)

Dendrite {Carries
signals in)

hS

Syfiapse size changes in
response to learning

Figure 3.1. Schematic of a Biological Neuron. Axons carry signals from the neuron
to other neurons; dendrites carry signals into the neuron from other neurons.
Axon-dendrite junctions occur at synapses. (After NewWave Intelligent Business
Systems, 1999.)

A neuron receives inputs as chemical stimuli along its dendrites. Some inputs to
the neuron are inhibitory and lower its electrical potential; some are excitatory and raise

its potential. The neuron sums its inputs, and if the total exceeds the neuron's activation
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threshold, the neuron fires and sends its own signal along its axon to other neurons. The
brain's nervous system is highly interconnected, and the firing of billions of neurons and
relaying of signals among neurons allow us to remember, learn, and create.

Although a diagram of an artificial neural network's architecture shows neurons
(also called "nodes") connected to other neurons, the resemblance to the human brain
ends here. Neural nets, including the ones used in this research, are nothing more than
mathematical algorithms designed to minimize certain error functions and thereby
optimize the solution to a given problem. In fact, for small networks, the values in the
weight/bias table determined during training can be used to calculate forecasts by hand.
Rogers, et al. (1990) put it this way: “... beware of anybody who implies that his/her
artificial neural network performs some function the way the brain does.”

Statements like, “The beauty of a neural network is that it is continually learning
as it processes,” and “It fixes its processes based on the data or knowledge it acquires,”

nn

(Heim, 1995) mislead the uninitiated. Terms like "learning,” "adapting," and "training"
are normally used in the biological sense, but they have made their way irreversibly into
the neural net jargon and are frequently applied to certain features of network processes.

Although these terms are inaccurately anthropomorphic, they do provide a convenient

way to describe many aspects of neural network behavior and will be used here.

3.2 Network Architecture

The architecture of a neural network defines how many inputs, "hidden" layers,
and outputs the network has, as well as how many nodes each layer contains and how the

layers and nodes interact with each other. Figure 3.2 shows a typical architecture for the
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INPUTS HIDDEN OuUTPUT
Wi —~
tanh
__.__L tanh
tanh
Y31
W33

Figure 3.2. Typical Architecture of a Feed-Forward Neural Network with a
Tapped-Delay Line. Top input (i;) corresponds to the current value of the input
(predictor) series; i; and i3 refer to previous values of the series after one and two
delays, respectively. Lines with arrows indicate connection weights. For clarity,
only two hidden layer weights, w;; and w33, are shown. All three output layer
weights, yi1, y21, and y3;, are shown.

type of network used in this thesis. (The specific architecture for this research is
discussed in detail in Chapter 4.)

In the figure, all inputs are connected to the network's hidden layer, which is
shown with three nodes (A, k2, and h3). The hidden layer nodes sum the weighted
contributions from each input, add a bias term (by), and apply a sigmoidal transfer
function (tfanh) to the result. These intermediate results are then weighted and summed

by the output layer neuron (0;). This final node, o, applies a linear transfer function to

the weighted sum and adds a bias term (B) to produce the network forecast.
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The number of output nodes generally matches the number of values to be
predicted. For example, this study requires 16 outputs, one for each half-hour forecast in
the 8-hour forecast period.

The term "hidden" for the middle layer of neurons is unfortunate, and this
nomenclature perpetuates the aura of voodoo surrounding the neural network method.
Calling the layer "hidden," however, simply means it has no interaction with the world
outside the network. Any number of hidden layers is possible, but a two-layer network (a
network with one hidden and one output layer) using enough hidden layer nodes can
approximate any functional relationship between the input and output variables (Park et
al., 1996). The current research uses a two-layer architecture with 10 neurons in the

hidden layer. (The input set is not considered a layer.)

3.3 Connection Weights

Inputs are linked to hidden layer nodes via connection weights. Weights are
initially set to random values between -1 and 1. As the first set of inputs is presented to
the network, each input value i; is multiplied by the corresponding weight wj connecting
ij to hidden layer node #;. All input-weight products ijwj entering a hidden layer node are
summed, and a bias term by is added. The result is the value of the hidden layer node.

For example, the value of hidden layer node 4; in Figure 3.2 is calculated as follows:

h] = i]W]] + isz] + i3W31 + b] (1)

where each j; is an input value, each wy is the connection weight from the input to the

hidden layer, and b; is the bias term.
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Just as there are weights connecting inputs to hidden layer nodes, there are
weights connecting hidden layer nodes to network output nodes. The results of applying
a non-linear transfer function to the hidden layer values become inputs in determining
output values. Although several options for the transfer function exist, MATLAB’s
default for feed-forward tapped-delay neural nets, the hyperbolic tangent, was used in this
research. The choice is not critical as long as the function is monotonically increasing
and is bounded with upper and lower limits (Kuligowski and Barros, 1998). The
requirement for a monotonic increase is to ensure a one-to-one mapping between hidden
layer results and network outputs.

The values of each hidden layer node after applying the transfer function are
multiplied by each hidden node's corresponding weight connecting the node to the output
layer. These products are then summed and another bias term is added. In Figure 3.2,

the value of the output neuron is calculated as follows:
oy = tanh(h;)y;; + tanh(hz)yz; + tanh(hs)ys; + B 2)

where each h; is computed as in (1), each wy, is the connection weight from a hidden
layer node to the output node, and B is the output node’s bias term.

To summarize, the network output in Figure 3.2 is computed as follows:

3 3
OI:Z{tanh[.lijwjk + bkﬂyk1 + B (3)
Jj=

=1

=
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3.4 Network Training

The network's weights and biases, the keys to the network's ability to predict
accurately, are determined during network training. Weights and biases are initially set
to random values but are changed as the network is shown successive input-target pairs.
The network compares its forecast to the given target value and computes a measure of
the forecast error, typically the mean squared error between the forecast and the target.
With each iteration or “epoch” of this process, the weights and biases are adjusted so as
to minimize the error function. In a sense, the error is "back-propagated" through the
network, hence the name “feed-forward back-propagation neural network.” (The “feed-
forward” part refers to the fact that prediction information only flows in one direction,
from input to output.)

Just as interactions among biological neurons allow us to learn and generalize, the
interconnectivity among nodes of an artificial neural network is central to the network’s
ability to learn relationships and discern patterns among exemplar input-output pairs.
Training results in a network that has "learned" the relationships between the inputs and
targets. Given similar but new inputs, the network uses the weights and biases to predict

new outputs.
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4. Methodology

4.1 Database Description

The 45® Space Wing’s Weather Information Network Display System (WINDS)
includes 44 towers that record meteorological data every 1-5 minutes. This study only
used peak wind speed, direction, and directional deviation data from the Atlas WINDS
Tower (Space Launch Complex 36) at 90 feet above the ground. The recorded wind
speeds, directions, and directional deviations are 5-minute averages of measurements
taken every second. The peak wind speed is the highest of the 300 wind speeds measured
during the previous 5 minutes.

The neural networks used in this research predict the maximum peak winds that
will occur within 16 thirty-minute periods centered at each forecast valid time. Valid
times occur every half hour after forecast start time until 8 hours after forecast start time.
For example, if forecast start time is 1200, the first forecast valid time is 1230. The
neural net’s first forecast is for the maximum peak wind that will occur between 1215
and 1245. The second forecast is for the maximum peak wind between 1245 and 1315.
The 16™ forecast is for the maximum peak wind between 1945 and 2015.

Maximum peak wind was chosen as the predictand because even one occurrence
of peak wind speed over Cape Canaveral Air Station / Kennedy Space Center's
(CCAS/KSC’s) User Launch Commit Criteria puts the launch sequence in Condition
Red. An average of expected peak winds, although possibly more representative of
future conditions as a whole, might mask a predicted wind speed above the criteria

threshold.
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Since launch criteria differ among vehicles and even among configurations for the
same vehicle, the neural networks were trained to predict actual peak wind speeds, not
simply the likelihood of wind speed exceeding a certain threshold.

Four years of wintertime (November-March) data from the WINDS tower at the
Atlas launch pad were used to train feed-forward back-propagation neural networks.
Roeder (1999) says a problem exists in the peak wind database collected before 1994.
Therefore, this work uses data from March 1995 through March 1999. Since different
atmospheric mechanisms cause hot and cold season winds, and hot season winds at
CCAS/KSC are typically easier to forecast, only cold season winds were examined.

Roeder explains that CCAS/KSC's summer winds are usually light and driven by
subtle patterns. Such light and slowly changing winds are relatively easy to forecast. In
winter, however, complex interactions among land- and sea-breezes, frictional and
stability environments, and synoptic systems make predicting launch pad peak winds
difficult. Figure 4.1 shows the complicated arrangement of land-water boundaries around
CCAS/KSC.

The database period of record encompassed 651 days, of which 179 (27.5%)
contained gaps where one or more data fields were not recorded. (See Appendix B for a
complete listing of data gaps.) Gaps ranged from 5 minutes (one time step) to 3%2 days
(over 900 time steps).

Since the neural network method requires continuous data series for mapping
inputs to target outcomes, the 25 longest no-gap periods from the original database were
used in developing, training, and testing the neural net used in this thesis. The longest

no-gap period covered almost exactly 19 days (5,474 5-minute time steps); the shortest




ATLANTIC
OCEAN

Figure 4.1. Geography of the CCAS/KSC Area. Note the intricate system of land-
water boundaries. Land-, river-, and sea-breezes, although somewhat predictable if
considered separately, combine to complicate the wind forecasting process. Land-
water arrangements as complex as those depicted here make wind forecasting
particularly difficult. Data for this study were taken from Space Launch Complex
(SLC) 36, located at the lower right in the figure.
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covered a little over 6 days (1,931 time steps). Although it would have been possible to
synthesize missing observations using techniques like linear interpolation and cubic
splines, this approach was rejected in favor of relying solely on “pure” data. Table 4.1

summarizes the continuous data sets used in this research.

Table 4.1. Summary Statistics for Data Periods with No Gaps

Time Mean Peak Std Dev of Peak Max Peak

Subset StartDate EndDate gionc  gpoed(kts) ~ Speeds (kis)  Speed (kis)

1 2Mar95 12Mar95 2647 14.76 6.65 42.00
1 19 Mar95 26Mar95 2232 13.55 4.62 29.90
1 5Nov95 13Nov95 2297 14.39 5.46 34.00
1 28Nov95 5Dec95 1931 9.86 4.23 22.00
1 11 Feb 96 21Feb96 2887 12.95 5.59 35.00
1 15Mar96 31 Mar96 4896 13.75 5.93 49.00
1 14Jan 98 23Jan98 2782 13.09 5.17 32.10
1 30Nov98 8Dec98 2421 9.47 2.98 25.10
1 2Mar99 21 Mar99 5474 12.83 5.90 34.00
2 24 Jan 96 1Feb96 2422 12.90 6.68 32.10
2 14 Dec 96 22Dec 96 2289 14.51 5.30 29.00
2 6 Jan 97 21Jan 97 4390 13.04 5.78 29.00
2 25Nov97 2Dec97 2178 12.00 4.82 25.10
2 4 Mar 98 18 Mar 98 4048 15.26 5.562 37.90
2 8Nov98 17Nov98 2513 9.69 4.20 25.10
2 14Jan 99 20Jan99 1992 10.15 4.19 21.00
2 21 Mar99 31Mar99 2801 11.27 4.78 28.00
3 5Dec95 13Dec95 2134 12.85 7.18 33.00
3 23Feb96 7Mar96 4032 12.27 5.59 29.00
3 24 Nov96 8Dec96 3325 15.15 5.13 29.90
3 29 Jan 97 6 Feb 97 2353 8.81 3.61 21.00
3 1Mar97 10Mar97 2621 12.57 4.49 27.00
3 2Dec97 13Dec97 3003 10.70 4.44 32.10
3 5Jan 98 11Jan 98 1953 12.95 5.08 32.10
3 25 Jan 99 4Feb99 2930 11.88 7.29 42.00
Overall 72551 12.61 5.68 49.00
Subset 1 27567 12.90 5.66 49.00
Subset 2 22633 12.62 5.61 37.90
Subset 3 22351 12.22 5.75 42.00
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Each of the 25 data periods described above was randomly assigned to one of
three subsets. The first subset (containing nine periods) was used to develop and test a
preliminary neural network to determine the best architecture to use in the next phase,
network training. The training phase used the second subset (eight periods) to determine
weights and biases for a new network. Finally, the trained network was tested on data
from the third subset (eight periods).

After a description of the input and target data used in this study, the

development, training, and testing of the network are described in detail below.

4.2 Network Inputs

The following elements were used to compute inputs to the neural networks: peak
wind speed, time of day (UTC), wind direction, directional deviation, and 30-minute
maximum peak wind. In winter, local time at CCAS/KSC is UTC minus 5 hours.

One-hour moving averages of observed peak wind speed were chosen in an effort
to minimize the turbulent noise in the peak wind input signal (Roeder, 1999). To capture
the trend in the signal, previous one-hour averages were also included. Previous values
of an input element are known as “delays,” thus the network designator “time-delay
neural network.” The development phase (discussed in the next section) estimated the
best number of delays to use.

MATLAB’s neural network software requires all inputs to use the same number
of delays. Thus, current and delayed one-hour moving averages of all elements were

used as network inputs.
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Figure 4.2 shows a scatter plot of peak wind speed vs. time of day. The effects of

the nocturnal temperature inversion are evident around 1200 UTC (0700 L). The

inversion is well established by this time of day, creating a physical barrier that keeps

stronger winds above the inversion. The 1200 UTC minimum in the scatter plot confirms

this analysis.
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Values of time of day were normalized to [-1, 1] as follows:

TIME = sin (2r7 / 2355) 4
where T is the four-digit military time from the original database. Normalization
removed the time input singularity in going from 2355 to 0000 and avoided having high-
magnitude values of time dominate the network input signal.

Similar difficulties with input values of wind direction were corrected by
normalizing the original values of direction @to [-1, 1] using

DIR =sin(216/ 360) )

Wind direction was included as an input because higher peak winds seemed to
have preferred directions. Figure 4.3 shows a cluster of higher winds from the east-
southeast (around 100 degrees).

Figure 4.4 indicates the clear tendency for higher peak wind speeds to occur in
conjunction with smaller directional deviations. Thus another network input was
directional deviation, defined as the standard deviation over all the 1-second wind
directions observed during the previous 30 minutes.

Phase diagrams for various delays of 30-minute maximum peak wind speeds are
displayed in Figure 4.5. At the shorter delays (5 minutes and 1 hour), the plots are fairly
concentrated along the diagonal line. This suggests high correlations at short delays, so
persistence forecasts were expected to show at least moderate skill for short forecast
lengths. To take advantage of the high autocorrelation suggested by these plots, moving

averages of 30-minute maximum peak winds (the forecasted element itself) were

included as inputs to the neural network.
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Figure 4.3. Scatter Plot of Peak Wind Speed vs. Direction for the 25 Data Periods
Used. Most peak winds above 35 knots are from the east-southeast, but other
clusters of high winds are evident from the west and north. Including wind
direction as an input gives the network an opportunity to take advantage of
directional influences on peak wind speed.

At the 8-hour delay, the points are more widely dispersed around the diagonal,
however, implying higher errors from using persistence late in the forecast period. Many
of the plots of 24-hour delays are so far from the diagonal that using peak wind speed
from the same time the previous day as a predictor would not be expected to contribute to

forecast skill.
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Figure 4.4. Scatter Plot of Peak Wind Speed vs. Directional Deviation for the 25
Data Periods Used. Higher peak speeds tend to occur in conjunction with lower
directional deviations, so directional deviation was chosen as a network input.

The final input to the neural network incorporated a measure of the acceleration
of the change in wind speed. A vector of the differences between successive values of
peak wind speed was calculated. Successive differences of values in this new vector
were then calculated to determine network inputs. The acceleration of wind speed

differences was considered a viable predictor, because peak wind speed series generally

do not gradually approach their maxima.
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Figure 4.5. Phase Diagrams for 30-minute Maximum Peak Wind Speed. High
autocorrelations in the peak wind time series is suggested by the close packing of
plots around the diagonals in the top two diagrams (5-minute and 1-hour delays).
At longer delays, however, the plots are more widely dispersed from the diagonals,
as in the diagrams for 8- and 24-hour delays.

Delays were chosen to correspond with the 1-hour interval associated with the
moving averages for all input elements. For example, since the moving averages were
computed over 1 hour, the current input was the most recent 1-hour average of the
predictor element. The delay 1 input was the 1-hour average from 1 hour ago based on
the 13™ through the 24™ previous data values. Likewise, the delay 2 input was the 1-hour

average from 2 hours ago based on the 25 through the 36™ previous data values.




Matching delay intervals to the moving average interval made training more
efficient and avoided overlaps in the input data and potential redundancies introduced by
correlations between different input vectors. Had smaller delay intervals been used,
however, they may have improved the network’s forecast skill by capturing any higher-

frequency signals that may have been present in the data.

4.3 Targets

A neural network adjusts its weights after comparing its outputs to a set of target
outputs. For this research the target sets were the 16 observed 30-minute maximum peak
wind speeds that occurred starting 30 minutes after the current input time. In other
words, the targets show the network the sets of maximum winds that occurred following
each set of input conditions. The targets can be viewed as the right answers to the
quéstions posed by the inputs. Following training, the network should generalize well

enough to give correct answers (forecasts) to similar but different questions (inputs).

4.4 Network Development

The development phase was a miniature version of the whole process,
incorporating network training and testing. (See the file “development.m” in Appendix C
for the MATLAB code used in this phase.) The purpose of the development phase was to
determine the optimal neural network architecture to use in the training phase.

During development, networks using all possible combinations of 2, 3, ..., 14
neurons and the first, second, and third delays were separately trained on all data periods
in Subset 1. Each network configuration could have only one value for its number of

neurons (either 2 or 3 or 4, etc.), but for each given number of neurons, a separate




training run was generated for the current input value and the first delay, for the current
input value and the first and second delays, and for the current input value and the first,
second, and third delays.

Due to prohibitively long processing times (over 5 hours on a 450-MHz processor
for some configurations), configurations with 11-14 neurons were limited to 500 training
steps. Configurations with 10 or fewer neurons, however, trained for 1,000 steps. The
shorter training length for architectures with more neurons was not considered critical,
since the objective of the development phase was to simply ascertain somewhat
subjectively which architecture was most likely to result in the lowest mean absolute
error between network forecasts and observed 30-minute maximum winds.

After each of these development networks was trained on data from a given
period, the network was tested on 500 independent inputs from the same data period.
“Independent” means the network's training inputs, although drawn from the same period
as the test inputs, could not be used again as test inputs. The 8,000 (500 x 16) forecasts
generated using independent inputs were compared to the 30-minute maximum winds
that occurred at the appropriate forecast valid time.

For each period and configuration, the mean absolute error (MAE) between
forecasted and observed winds was computed for each of the 16 forecast times (Y2, 1,
1'2,..., 8 hours after forecast start time). Finally, the average of the 500 MAE:s for each
set of 16 forecast valid times was computed. The minimum average MAEs from all valid

times determined for each configuration and period are listed in Table 4.2.
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Table 4.2. Summary of Development Phase Results

. # of Min. avg. # Of. Neur'ons ip # o.f Dele_xys in'
Period Neurons | MAE (kis) Coqflguratlon with Coqf:guratlon with
min. avg. MAE min. avg. MAE
2-12 Mar 95 11-14 4.76 13 1
2-12 Mar 95 2-6 7.89 4 2
2-12 Mar 95 7-10 8.76 8 2
19-26 Mar 95 2-6 3.98 3 1
19-26 Mar 95 7-10 4.78 10 3
19-26 Mar 95 11-14 9.39 13 3
5-13 Nov 95 7-10 3.75 10 3
5-13 Nov 95 2-6 3.79 2 3
5-13 Nov 95 11-14 6.90 11 2
24 Nov — 8 Dec 95 7-10 3.50 9 3
24 Nov — 8 Dec 95 2-6 4.15 3 1
24 Nov — 8 Dec 95 11-14 5.03 14 3
11-21 Feb 96 2-6 5.73 4 3
11-21 Feb 96 7-10 6.10 10 1
11-21 Feb 96 11-14 7.49 11 3
15-31 Mar 96 2-6 5.12 5 2
15-31 Mar 96 7-10 7.67 7 2
15-31 Mar 96 11-14 8.90 12 1
14-23 Jan 98 7-10 4,51 7 1
14-23 Jan 98 2-6 4.68 2 2
14-23 Jan 98 11-14 6.88 11 3
30 Nov — 8 Dec 98 11-14 2.46 12 3
30 Nov — 8 Dec 98 2-6 2.68 3 3
30 Nov — 8 Dec 98 7-10 3.11 7 3
12-21 Mar 99 2-6 2.41 3 2
12-21 Mar 99 7-10 2.44 10 3
12-21 Mar 99 11-14 8.35 11 3

Of the 27 network architectures tested, 14 produced minimum average MAEs
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was chosen for the training phase, which is described next.

using all three delays. The lowest average MAEs occurred with 3, 10, and 11 neurons.

Based on these results, a network architecture consisting of three delays and 10 neurons




4.5 Network Training

Using the optimal architecture determined in the development phase (10 neurons
and 3 delays, each delay containing 12 time steps), a neural network was trained on data
from all eight periods in Subset 2 (see the MATLAB files “nntrain3.m” and nnnext.m” in
Appendix C).

Approximately the first 85% of input elements from each period were presented
to the network for training. Following training on the first data period, the
weight/biastable generated was retained and subsequently used as the starting point for
the next period’s training. This process continued until all periods in Subset 2 had been
used, the network’s weights and biases having received continuous adjustments from one
period to the next.

The method of continuous adjustment was deemed reasonable in order to provide
the network with a cross section of wintertime conditions and thereby produce a robust
neural network with wide operational applicability. As was mentioned earlier, however,
the available data periods from the 25 longest continuous periods in the full database
were assigned randomly to their three subsets. This was done to maintain a balance
between thoroughly training on a variety of wind regimes and unfairly biasing the
network for success by deliberately choosing training and testing periods containing only
certain types of weather conditions.

Each set of inputs was presented to the network for 20 epochs. During training,
the mean squared error (MSE) between the network’s internal forecasts and the target
values generally started very high, but dropped quickly and settled near the MSE

minimum after about 10 epochs. Mean squared error minima were usually in single




digits, representing close fitting of network outputs to the training data. Figure 4.6 shows

a typical MSE pattern during network training.

Mean Squared Error
S

o 2 4 B 8 10 12 14 16 18 20
Epochs

Figure 4.6. Typical Progression of Mean Squared Error (MSE) during Network
Training. MSE generally started high (around 100 in this example), but dropped
quickly to its minimum (about 2 here) midway through the training session. Note
the logarithmic scale on the ordinate axis.

Typically, training should occur over as many as several hundred epochs, but long
processing times limited training to only 20 epochs. The decision to use 20 epochs was
made after observing that MSE changed less than 0.01 after each epoch beyond 10 or so
epochs, only a modest gain in performance.

The result of the training phase was a set of highly adjusted weights and biases,
updated after mapping approximately 20,000 input vectors to target outputs over a wide

but representative range of conditions.
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4.6 Network Testing

During testing, 250 8-hour forecasts were generated for each of the eight periods
in Subset 3 using the network trained in the development phase (see the MATLAB file
“nntest.m” in Appendix C). To objectively measure forecast performance, each of the
2,000 forecast start times was chosen randomly.

Three competing forecast options--persistence, climatology, and random values
from a climatologically based gamma distribution--were compared to the neural network
forecasts. Persistence forecasting assumed the 30-minute maximum peak wind speed at
all forecast valid times would be the same as it was at forecast start time. The 30-minute
maximum, however, was defined using the 15-minute peak winds before and after each
forecast valid time. Operationally, the 15-minute winds after the forecast start time
would not be known, so persistence forecast values were calculated from the 30-minute
period leading up to each forecast start time.

Climatology forecasts assumed the 30-minute maximum peak wind speed at a
given forecast valid time would be the mean value for that time of day from the entire
database. In order to obtain more representative values, climatological means were
computed from the entire period of record, without regard to data gaps. Figure 4.7 shows
the 24-hour plot of climatological 30-minute maxima. Compare this figure to Figure 4.2,
where the afternoon peak is also evident.

Values for random forecasts were generated from a gamma distribution with o =
4.9308 and B =2.5568. The gamma distribution was chosen because its shape resembled

that of the histogram of 30-minute maximum peak winds from all data subsets (see

Figure 4.8).
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Figure 4.7. Climatological Values of 30-minute Maximum Peak Winds for All
Wintertime Observations. Over the 4-year period of record, wintertime maximum
winds vary only slightly.

The parameters o and 8 were computed using the mean 4 and variance o of the
maximum wind speeds for the 25 data periods used in this study. For a variable with a
gamma distribution (which the maximum winds were assumed to have), the following
relations hold: 4 = af ,and o = aff*.

The following measures of forecast performance for the neural network and each
of the forecast alternatives were computed: mean absolute error, mean squared error, and
maximum error. These errors refer to the differences between the forecasted and

observed 30-minute maximum wind.
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Figure 4.8. Histogram of 30-minute Maximum Peak Wind Speeds for the 25 Data
Periods Used. The shape of this distribution was justification for choosing the
gamma distribution to generate random forecasts in the testing phase. Wind speeds
are in knots.

4.7 Variation on the Original Method

A variation on the training and testing method just described was also developed
(see file “nntest3.m” in Appendix C). In the original method, the randomly generated
forecast start times may have placed the forecast period in a weather regime completely
unrelated to the regime in effect when the training input data were collected. To see how
well the neural network method performed when making predictions near in time to the
training data, a separate but identically configured network (10 neurons, 3 delays) for

each period in Subsets 2 and 3 was trained and tested.
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Each period's network was trained on 1,000 data points (approximately 3%z days)
near the beginning of the data period. Training required about 45 minutes per period.
After training, each network was tested on 100 sequential forecast start points beginning

50 time steps after the last training point.

4.8 Reliability Intervals

A confidence measure for the neural network forecasts from the previous section
was also developed (see file “errsubplots.m” in Appendix C). The 100 MAEs at each
valid time for each forecast generated in the variation described above were averaged and
their standard deviations were computed. The sum of the average MAE and twice the
normalized standard deviation of the MAE formed separate reliability intervals for each
of the 16 forecast valid times.

A reliability interval resembles a confidence interval, but it is not a true
confidence interval in the strict statistical sense, because the sample MAEs were not
distributed normally. Moreover, even if the MAEs had been distributed normally, the
confidence/reliability intimated with the intervals computed in this study is that of the
forecast accuracy, not of the forecast itself. Strictly speaking, a confidence interval is an
interval of plausible values for the parameter being estimated. This definition implies
that the parameter value is unknown, but in this research, the forecast value is known; the
forecast itself is not being estimated.

What remains unknown, however, is how accurate the given forecast is, i.e., how
much does the forecast differ from the observed wind? The reliability intervals computed

in this portion of the research represent an attempt to assign high confidence to the neural




network forecasts by determining upper and lower bounds within which the observed
maximum wind should fall 95% of the time.
The results of the original neural network training and testing, the variation on the

original method, and the reliability interval computations are presented in Chapter 5.
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5. Results and Discussion

5.1 Original Method

Mean absolute error (MAE) was the primary measure of forecast skill, since MAE
values were in units of knots. Mean squared error (MSE) and maximum error (Max
Error) are also included in the following performance data tables, however. Appendix D
contains tables for the periods not presented here.

The neural networks developed using the original method performed somewhat
worse than persistence overall. Exceptions to this poor performance are found in Tables
5.1 through 5.4, which summarize the performances of the neural networks and each
forecasting option. Neural network MAEs were comparable to or less than persistence
MAE:s for several forecast valid times covered by these tables. The network also
frequently had the lowest maximum error of all forecast options during these periods.

During the other forecast periods, the network did not fare as well. In particular,
during the two periods in 1996 (Tables 5.5 and 5.6), most network forecasts were worse
than random forecasts.

In general, the neural network forecasts worsened later in the forecast period, as
did persistence and climatology forecasts. The random forecasts, as one would expect,
exhibited no general improvement or worsening with time, however.

The dismal performance of the neural network developed using the original
method prompted the change in approach that led to the variation on the original method,

the results of which are described next.
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Table 5.1. Results from 29 January - 6 February 1997 (Original Method)

Neural

Persist-

Neural

Persist-

Fci;gﬁgst Net ence (I%IIII,TEO Random Net ence %'g‘g Rﬂggm
Time MAE MAE (Kts) MAE (kts) MSZE MSzE (ktsz) (ktsz)
(kts) (kts) (kts®) (kts®)
0.5 1.39 0.85 4.12 4.46 3.12 1.28 18.88 39.52
1.0 1.51 1.01 4.16 4.44 3.55 1.79 18.92 30.64
1.5 1.53 1.15 4.01 5.06 3.29 1.75 17.30 48.39
2.0 1.69 1.11 4.07 5.41 3.72 1.84 17.68 53.48
25 1.81 1.12 412 4.44 4.32 2.13 18.06 35.66
3.0 1.87 1.22 4.00 5.34 4.47 2.72 17.04 52.76
35 2.05 1.36 3.77 5.05 5.18 3.41 15.08 39.69
4.0 2.25 1.48 3.66 5.07 5.79 3.65 13.93 47.27
45 2.42 1.64 3.60 5.06 6.66 4.24 14.01 48.84
5.0 2.76 1.93 3.88 5.21 8.83 5.73 17.39 49.83
55 2.85 2.39 4.34 5.63 11.40 8.87 23.64 49.35
6.0 2.81 2.85 4,58 5.45 13.88 11.98 27.71 53.97
6.5 3.26 3.09 5.01 6.75 17.68 13.34 32.19 72.06
7.0 3.56 3.26 5.12 6.15 20.38 14.21 33.26 63.53
7.5 4.24 3.51 5.36 6.81 26.28 15.67 36.05 76.63
8.0 4.75 3.76 5.55 6.64 31.05 17.68 38.19 76.87
E Neural eSSt cimo
orecast ence Random
; Net Max Max
Valid Error 2" ax Error E Ma(>l(( )
Time rror rror (kts
(kts) (kts) (kts)
0.5 3.60 2.20 6.58 30.02
1.0 3.68 3.20 6.46 14.88
1.5 3.58 3.20 6.14 29.74
2.0 3.82 4.10 6.04 26.88
25 3.86 410 5.96 20.48
3.0 3.61 3.20 5.67 27.57
3.5 3.57 410 5.29 18.47
4.0 4.20 410 4,96 21.84
4.5 4.64 4.80 8.50 24.53
5.0 6.70 5.00 8.45 23.59
55 7.16 7.00 10.65 16.92
6.0 8.91 7.00 10.42 26.13
6.5 9.15 7.00 10.61 28.32
7.0 9.29 7.00 10.54 25.02
7.5 9.84 8.00 10.53 22.60
8.0 10.14 8.00 10.48 29.78

5.2 Variation on the Method

In the variation on the original method, each data period in Subsets 2 and 3 was

assigned its own network for training and prediction. This alternate approach produced

significantly better results than the original method late in the forecast period.




Table 5.2. Results from 1-10 March 1997 (Original Method)

Neural Persist- Neural Persist-

Fa;:lc;:st Net ence ﬂi&né) Random Net ence C'\)/IllénEo R?;‘gém
Time MAE MAE (kts) MAE (kts) MSIZE MSZE (ktsz) (ktsz)
(kts) (kts) (kts®) (kts®)

05 2.47 1.31 2.28 4.97 10.41 3.08 7.01 43.04
1.0 3.1 1.86 2.80 5.83 16.76 6.03 11.89 55.49
1.5 3.94 2.55 3.28 5.62 24.86 9.60 17.16 50.17
2.0 4.83 3.26 3.77 5.48 35.16 14.52 23.63 53.24
2.5 5.69 3.96 4.25 6.08 45.62 19.18 29.42 53.13
3.0 6.63 457 478 6.56 58.29 24.78 35.76 65.11
3.5 7.48 5.04 5.08 7.27 70.05 30.10 38.80 76.42
4.0 8.07 5.35 5.34 6.32 77.82 34.15 41.18 61.60
45 8.57 5.76 5.54 7.21 85.24 39.47 42.31 71.57
5.0 8.92 6.12 5.58 6.87 90.68 45,58 41.16 69.33
5.5 9.34 6.33 5.28 7.36 96.24 50.56 36.90 74.47
6.0 9.61 6.69 5.18 7.72 100.06 56.58 34.58 81.89
6.5 9.69 7.01 5.18 7.49 100.22 61.19 32.95 80.06
7.0 9.78 7.30 5.21 7.89 100.73 65.94 31.74 80.99
7.5 9.74 7.47 5.37 8.15 99.58 69.46 32.64 86.35
8.0 9.70 7.62 5.15 8.35 98.38 70.98 29.34 88.24

Neural Persist- .
Forecast Net ence Cl\l/:?xo Random
Valid Max Max Error Max
Time Error Error (kts) Error (kts)
(kts) (kts)

0.5 1.13 3.20 2.90 20.47
1.0 0.85 5.10 2.77 23.56
1.5 0.62 5.10 2.73 21.99
2.0 -0.57 410 1.79 24.76
25 -0.76 4,10 1.79 10.11
3.0 -1.00 410 1.73 20.10
3.5 -1.16 4.10 2.00 12.01
4.0 -1.17 410 2.13 13.41
45 -2.36 2.90 1.15 14.13
5.0 -2.30 2.90 1.57 17.83
55 -5.09 0.00 -0.72 15.43
6.0 -4.91 0.00 -0.26 16.91
6.5 -4.67 0.00 0.08 13.96
7.0 -4.47 -1.00 0.33 10.32
7.5 -4.30 0.00 0.34 6.11
8.0 -4.86 -1.00 -1.20 10.69

A comparison of the tabulated results from each of the two methods shows the

strength in the variation. Tables 5.7 through 5.10 summarize testing of the variation

method for the periods summarized in Tables 5.1 through 5.4. In three of these periods,

nearly all variation method average MAEs for forecast valid times beyond 6.5 hours are
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Table 5.3. Results from 2-13 December 1997 (Original Method)

Neural

Persist-

Neural

Persist-

FCUZESSt Net ence CI\;IIITEO Random Net ence cli/llléné) Ré;/rlggm
Time MAE MAE (kts) MAE (kts) MSE MSZE (ktsz) (ktsz)
(kts) (kts) (kts®) (kts®)
0.5 1.98 2.03 2.19 5.67 7.09 7.49 8.51 53.26
1.0 2.06 2.04 2.30 5.52 7.75 10.65 8.98 45.97
1.5 1.92 2.42 2.32 4.98 6.40 13.06 8.92 36.20
2.0 2.07 2.81 2.63 5.29 6.85 16.13 10.86 49.83
2.5 2.30 3.03 2.81 475 8.13 20.03 11.87 38.01
3.0 2.54 3.09 3.12 453 11.05 21.21 13.64 34.35
3.5 3.20 2.73 3.59 5.62 15.00 13.89 17.17 50.74
4.0 3.62 2.77 4.04 5.40 17.44 11.88 21.30 53.43
45 3.70 2.80 4.61 5.13 18.56 13.23 27.45 42.39
5.0 3.67 2.94 4.90 5.74 18.14 12.62 30.48 56.58
55 3.29 3.04 5.32 5.47 15.22 13.48 35.44 47.29
6.0 3.18 3.20 5.48 6.17 13.27 14.95 37.23 61.37
6.5 3.40 3.51 5.91 5.02 14.52 15.77 42.66 44.68
7.0 3.52 3.02 6.07 6.00 15.04 13.34 4477 56.01
7.5 3.55 2.68 5.86 5.47 15.27 10.35 40.93 60.10
8.0 4.00 3.25 5.91 5.32 19.87 14.11 42.04 47.39
Persist- .
Forecast Nl\cla?llj\;:( ence Chu':)(o Random
Valid Error Max Error Ma(x )
Time Error Error (kts
(kts) (kts) (kts)
0.5 8.28 7.00 8.66 24.43
1.0 8.51 8.20 8.79 19.25
1.5 8.68 6.00 8.75 12.68
2.0 6.43 8.20 8.92 27.12
25 7.76 7.00 9.00 18.97
3.0 8.71 7.00 9.18 19.00
3.5 8.67 7.00 9.59 21.88
4.0 8.85 8.20 10.06 25.02
45 8.87 8.20 10.66 14.90
5.0 6.81 7.00 10.87 22.08
55 6.16 8.20 11.36 21.02
6.0 6.19 8.20 11.43 22.38
6.5 6.50 7.00 11.58 23.10
7.0 6.63 8.20 11.80 31.00
7.5 6.64 6.10 9.65 36.56
8.0 9.77 6.10 12.77 19.98

lower than the original method MAEs. All 8-hour average MAE:s for the variation are

lower than the original method MAE:s.

For 11 of the 16 variation method test periods, neural net forecasts late in the

forecast period are more accurate than neural net forecasts early in the period. This
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Table 5.4. Results from 25 January — 4 February 1999 (Original Method)

Forecast Neural Persist- Climo Neural Persist- Clmo  Random
Valid Net ence MAE Random Net ence MSE MSE
Time MAE MAE (kts) MAE (kts) MSZE MSZE (ktsz) (ktsz)

(kts) (kts) (kts®) (kts®)
0.5 437 2.02 3.02 4.79 26.56 7.58 11.12 34.55
1.0 4.55 2.45 3.42 5.54 27.70 9.50 13.84 44.88
15 4.65 3.02 3.83 5.51 28.20 15.51 16.51 42.97
2.0 442 3.58 3.96 6.41 26.61 21.75 17.36 64.03
25 4.33 4.46 4,30 6.08 25.88 28.85 20.63 49,17
3.0 4.41 5.34 4,72 6.41 27.06 38.63 27.77 60.79
3.5 4.14 5.91 4.88 5.23 24.51 49.25 29.86 44.70
4.0 3.67 6.29 487 5.60 20.30 58.81 29.66 49.20
4.5 3.25 6.66 4.88 6.52 17.64 61.05 29.70 65.74
5.0 2.81 6.89 4.60 6.01 13.45 64.65 27.38 62.93
55 2.62 7.08 4.37 6.57 11.79 67.49 25.82 69.50
6.0 2.62 7.09 4.15 5.60 11.46 67.75 24.68 57.38
6.5 2.77 7.01 4.09 5.91 12.05 65.63 24.49 66.09
7.0 2.72 6.58 3.80 6.23 11.63 61.51 22.23 69.56
75 2.89 6.68 3.75 5.72 12.87 60.41 22.26 62.37
8.0 3.16 6.73 3.71 6.05 15.17 58.40 22.22 61.77
Persist- .
Forecast Neural ence Climo Random
; Net Max Max
Valid Error Max Error Max
Time (kts) Error (kts) Error (kts)
(kts)
0.5 3.03 8.00 5.96 16.45
1.0 2.75 8.00 5.68 20.71
1.5 3.52 9.90 6.49 16.82
2.0 3.33 9.90 6.55 26.97
2.5 5.04 10.90 8.22 13.73
3.0 8.90 10.90 12.51 18.21
3.5 8.74 14.00 12.51 26.55
4.0 8.73 16.90 12.43 17.89
4.5 8.74 15.00 12.43 28.48
5.0 8.80 16.90 12.31 23.90
5.5 8.91 16.90 12.23 22.38
6.0 9.09 18.10 12.24 31.89
6.5 9.33 18.10 12.24 31.21
7.0 9.53 16.90 12.04 23.31
7.5 9.70 16.90 12.13 27.78
8.0 9.87 16.90 12.18 23.92

network skill late in the forecast period also manifests itself in eight of the periods
examined, where the variation's neural net MAE is less than that of a persistence forecast
for the last two to four forecast valid times (for instance, see Tables 5.7 and 5.9 through

5.15). Appendix D contains performance data tables for the periods not presented here.
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Table 5.5. Results from 23 February — 7 March 1996 (Original Method)

Neural Persist- . Neural Persist- .
Fcczﬁgst Net ence ?};XE R:;\Aigm Net ence (K/ll'éné) Fiandom2
Time MAE MAE (kts) (kts) MSI2£ MSZE (ktsz) MSE (kts®)
(kts) (kts) (kts®) (kts®)
0.5 8.11 0.81 10.86 10.56 66.21 1.14 118.44 133.65
1.0 9.25 0.89 11.02 10.13 85.97 1.25 121.84 125.27
1.5 10.33 0.81 10.85 10.57 107.27 0.99 118.26 132.47
2.0 9.26 0.86 10.77 11.25 86.34 1.30 116.72 144.75
2.5 9.10 0.71 10.56 10.20 83.57 1.26 112.28 127.35
3.0 9.43 0.67 10.52 9.46 89.58 1.19 111.29 111.59
3.5 10.21 0.80 10.29 10.18 104.93 1.16 106.65 122.03
4.0 10.78 1.22 9.78 10.32 117.04 1.97 96.56 126.60
45 11.79 1.01 9.13 9.78 139.87 1.75 84.19 119.86
5.0 12.79 1.01 8.47 9.91 164.36 1.86 72.64 123.33
55 14.08 1.00 8.15 9.82 199.04 1.99 67.26 118.85
6.0 15.84 1.15 7.64 10.04 251.68 2.12 59.26 121.99
6.5 16.53 1.00 7.63 9.76 274.29 1.67 59.15 119.48
7.0 16.99 1.03 7.48 9.87 289.56 1.63 56.87 119.54
7.5 16.76 1.15 7.31 10.05 282.26 2.10 54.67 125.99
8.0 15.08 1.27 7.45 9.37 229.50 2.62 57.54 114.81
Neural Persist- Climo  Random
Forecast| Net ence Max Max
Valid Max Max Error Error
Time Error Error (Kts) (kts)
(kts) (kts)
0.5 -6.57 1.90 -9.33 7.74
1.0 -7.67 1.90 -9.44 9.27
1.5 -8.79 1.90 -9.31 6.36
2.0 -6.84 2.90 -8.35 3.05
2.5 -6.72 2.90 -8.18 11.60
3.0 -7.01 3.90 -8.10 4.05
3.5 -7.84 2.00 -7.92 13.17
4.0 -8.51 2.90 -7.51 6.25
45 -9.70 2.90 -7.04 5.56
5.0 -10.75 3.90 -6.44 3.80
55 -12.16 2.90 -6.23 16.88
6.0 -13.94 3.90 -5.74 10.38
6.5 -14.58 2.90 -5.67 7.39
7.0 -15.03 2.90 -5.52 12.28
7.5 -14.76 3.90 -5.30 6.70
8.0 -12.89 3.90 -5.25 5.79

Figure 5.1 shows Subset 3 summary MAE results for both the original and

variation methods as well as persistence MAEs for both methods. The plots were

calculated by averaging each method’s MAEs for each forecast valid time over all

periods in data Subset 3. The original method’s MAEs and both persistence forecast
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Table 5.6. Results from 24 November — 8 December 1996 (Original Method)

Neural

Persist-

Neural

Persist-

F(:;ec.:ast Net ence Climo Random Net ence Climo Random
alid MAE MAE MSE MSE
Time | MAE  MAE 9 k) | MSE MSE  id (ksd)

(kts) (kts) (kts®) (kts®)
0.5 10.20 1.44 7.86 8.69 114.80 3.14 72.80 99.41
1.0 10.78 2.1 8.22 9.25 127.54 5.92 78.83 114.52
1.5 11.25 2.69 8.41 9.50 137.23 9.31 81.27 116.35
2.0 11.73 3.12 8.80 9.15 146.87 13.48 86.43 107.08
25 12.24 3.62 9.22 9.17 157.79 16.63 92.34 103.51
3.0 12.61 4,06 9.41 9.47 166.24 20.72 94.86 117.85
3.5 12.98 4,28 9.57 9.97 174.32 24,76 96.85 123.47
4.0 13.30 4,22 10.06 9.36 180.82 26.26 105.16  117.95
4.5 13.49 4.19 10.27 9.16 185.65 26.31 109.08 110.82
5.0 13.57 4.27 10.26 11.47 187.60 26.44 108.71 163.30
55 13.48 4.31 10.18 10.15 185.05 25.40 107.12 124.20
6.0 13.25 4.10 10.10 10.55 179.24 23.91 105.56  134.51
6.5 12.90 4.04 9.97 10.10 170.33 23.10 103.17  129.05
7.0 12.53 3.79 9.91 9.90 160.83 19.55 101.43 122.24
7.5 12.02 3.65 9.60 9.54 146.94 16.05 94.43 116.22
8.0 11.61 3.46 9.62 9.65 136.65 14.49 94.39 115.31
Forecast NNeural Peerr‘i':t' Climo Random
Valid et Max Max Max Max
h Error Error Error
Time Error

(kts) (kts) (kts) (kts)
0.5 -4,97 3.10 -2.49 14.78
1.0 -5.25 410 -2.59 11.14
1.5 -5.48 5.00 -2.57 14.01
2.0 -5.67 6.00 -2.62 8.23
2.5 -6.72 5.10 -4.62 4.07
3.0 -6.11 6.00 -4.67 9.18
3.5 -7.84 7.90 -4.66 20.48
4.0 -9.37 7.00 -6.06 12.33
4.5 -9.36 6.00 -6.10 12.86
5.0 -9.30 5.10 -5.97 11.20
55 -9.19 4.80 -5.92 7.30
6.0 -9.01 6.90 -5.95 4.99
6.5 -8.77 6.00 -5.96 8.76
7.0 -8.57 6.00 -6.08 11.27
7.5 -8.40 5.10 -6.11 8.98
8.0 -8.23 6.00 -6.33 11.93

MAEs steadily rise from the beginning of the forecast period. The variation method’s

MAE:s, however, after rising for the first three forecast valid times, show an almost

continuous decline until the end of the forecast period. At 6.5 hours and beyond,
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Table 5.7. Results from 29 January - 6 February 1997 (Variation)

Forecast| Neural Persist- Climo Random | Neural Persist- Climo Random
Valid | Net MAE ence MAE MAE MAE Net MSE ence MSE MSE MSE
Time (kts) (kts) (kts) (kts) (kts®) (kts®) (kts®) (kts?)

0.5 5.89 1.89 6.68 7.09 44.31 5.65 47.80 81.01
1.0 6.97 2.19 6.57 7.27 61.25 7.04 46.18 87.61

1.5 6.00 2.21 6.38 8.49 45.85 6.36 44.66 97.51
2.0 2.95 2.30 6.10 7.88 12.89 6.87 42.23 100.90
2.5 1.54 2.62 6.13 7.08 3.97 9.24 42.63 79.21
3.0 1.61 2.94 6.08 6.83 3.98 12.60 42.07 77.78
3.5 3.00 2.84 6.23 7.28 12.56 13.13 43.93 78.84
4.0 4.58 2.54 6.11 7.12 27.31 10.35 42.14 84.90
4.5 5.11 2.37 6.08 6.38 32.58 9.65 40.90 71.82
5.0 5.82 2.42 6.47 6.78 38.82 11.78 44.99 72.97
5.5 6.31 2.50 7.22 6.63 43.19 11.62 55.17 72.43
6.0 4.85 2.18 7.59 6.41 26.80 8.93 60.63 64.62
6.5 1.87 2.09 7.77 6.82 5.78 6.93 62.59 74.72
7.0 3.06 212 7.81 5.88 11.01 6.65 62.94 62.39
7.5 3.56 2.1 7.80 6.63 14.82 6.756 62.74 68.41
8.0 1.90 1.98 8.16 7.66 4.75 5.69 68.44 90.12

Forecast| Neural Persist- Climo  Random
Valid | Net Max ence Max Max Error Max Error

Time |Error (kts) Error (kts)  (kis) (kts)
0.5 12.22 5.10 9.90 27.71
1.0 13.82 5.10 9.77 32.11
1.5 12.50 410 9.73 21.37
2.0 7.65 4.10 9.72 28.21
25 3.85 5.10 9.79 26.63
3.0 3.76 6.10 9.73 26.88
3.5 7.21 6.10 10.00 27.60

4.0 10.61 6.10 10.02 32.93
4.5 11.14 5.10 10.19 24.09
5.0 11.26 5.10 10.75 25.09
5.5 10.56 6.10 11.38 31.63

6.0 9.42 6.10 11.78 21.06
6.5 7.85 4.10 11.18 25.33
7.0 5.46 2.00 9.17 23.38

7.5 5.05 2.00 9.24 21.47
8.0 5.28 2.00 9.60 34.85

the variation neural net MAESs nearly equal the persistence MAEs, and at some points are

even lower than the persistence MAEs computed during testing of the original method.
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Table 5.8. Results from 1-10 March 1997 (Variation)

Forecast| Neural Persist- Climo Random | Neural Persist- Climo Random
Valid | Net MAE ence MAE MAE MAE Net MSE ence MSE MSE MSE
Time (kts) (kts) (kts) (kts) (kts?) (kts®) (kts®) (kts®)

0.5 2.77 1.10 1.77 4.54 10.59 2.07 4.16 33.42
1.0 3.00 1.42 1.65 4.87 11.58 2.93 3.77 41.22
1.5 3.74 1.56 1.42 4.51 15.01 3.75 2.96 30.24
2.0 4.33 1.48 1.25 4.73 21.17 3.60 2.38 32.23
2.5 4.31 1.24 1.12 5.09 23.59 2.63 2.02 37.63
3.0 4.66 0.98 0.96 4.84 30.08 1.86 1.64 34.94
3.5 5.18 0.94 0.93 4.97 36.85 1.41 1.51 38.48
4.0 5.89 1.11 0.93 4.83 43.99 1.82 1.23 37.03
4.5 6.66 1.26 0.95 4.87 50.68 2.41 1.19 32.57
5.0 6.40 1.53 1.15 4.82 45.68 3.26 1.82 35.31
5.5 5.18 1.61 1.46 5.22 29.56 3.58 2.70 41.88
6.0 3.60 1.83 1.88 4.89 14.65 4.91 4.40 36.78

6.5 3.10 2.25 2.03 4.88 11.21 7.57 5.78 35.44
7.0 3.45 2.56 2.36 4.24 13.73 10.66 7.60 27.52
7.5 3.62 2.90 2.57 4.85 15.34 14.20 9.1 38.76
8.0 3.77 3.32 2.79 5.29 16.05 16.87 10.86 44.18

Forecast] Neural Persist- Climo Random
Valid | Net Max ence Max Max Error Max Error
Time |Error (kts) Error (kts)  (kis) (kts)

0.5 0.84 2.90 3.65 16.78
1.0 0.16 3.90 3.65 22.31
1.5 -1.46 3.90 3.50 13.88
2.0 -1.59 3.90 3.40 13.26
2.5 -0.84 2.90 3.22 20.19
3.0 -0.89 2.00 2.96 19.03
3.5 0.47 2.00 2.94 21.01
4.0 1.41 1.00 2.60 19.00
4.5 3.10 1.00 2.46 8.35
5.0 1.65 2.00 0.96 17.33
5.5 -0.36 2.90 0.61 18.80
6.0 0.45 5.10 5.47 19.68
6.5 1.73 7.00 5.55 20.16

7.0 3.03 7.00 5.31 13.86
7.5 2.94 8.00 5.34 23.45
8.0 3.90 8.00 5.51 20.84

Figures 5.2 through 5.17 show representative plots of the results of testing the
networks trained with the variation on the original method. The plots show 100 forecasts

for the indicated forecast valid times and provide a sense of how well the networks
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Table 5.9. Results from 2-13 December 1997 (Variation)

Forecast| Neural Persist- Climo Random N;l;al P:rr]sg:t- Climo Random
V_alid Net MAE ence MAE MAE MAE MSE MSE MS!ZE MSE
Time (kts) (kts) (kts) (kts) (kis?) (kis?) (kts®) (kts®)

0.5 3.67 1.99 3.61 4.35 18.99 8.63 19.36 30.29
1.0 3.99 2.35 3.92 5.70 20.19 10.76 21.81 47.01
15 4.69 2.49 4.15 6.11 28.80 12.08 24.08 54.21
2.0 5.40 2.64 4.59 5.40 38.06 12.99 27.98 40.49
2.5 5.22 2.88 4.58 5.79 36.12 12.15 26.90 48.17
3.0 4.74 2.72 4,92 5.84 29.37 10.34 29.01 47.49
3.5 3.95 2.93 4.96 6.04 20.75 12.09 28.63 50.67
4.0 3.46 3.14 4.63 6.89 15.07 13.50 24.83 61.28
45 3.12 2.96 3.91 5.52 12.17 11.57 18.08 44.23
5.0 2.79 3.01 3.18 6.34 9.82 11.92 12.81 55.15
5.5 2.86 3.38 3.03 6.61 10.68 16.67 11.55 62.73
6.0 2.20 3.93 3.10 6.66 8.48 21.50 12.09 61.82
6.5 2.16 3.99 3.07 6.55 7.28 20.48 11.92 60.03
7.0 3.21 4.19 2.88 5.53 12.29 21.40 10.76 43.66
7.5 3.96 4.05 2.89 6.00 18.02 19.98 10.95 51.94
8.0 3.90 3.85 2.74 5.37 18.96 18.72 10.10 49.01

Forecast | Neural Persist- Climo Random
Valid Net Max ence Max Max Error Max Error
Time |Error (kts) Error (kts)  (kis) (kts)

0.5 8.05 7.00 0.53 18.51
1.0 8.20 6.00 0.52 15.32
15 9.43 6.00 0.59 19.37
2.0 11.46 6.00 0.47 12.92
2.5 10.25 6.00 -0.20 11.76
3.0 8.32 5.10 -0.18 21.65
3.5 7.09 410 -1.91 14.28
4.0 5.73 410 -1.35 10.91
4.5 4.18 4.10 -0.88 13.52
5.0 3.46 7.00 1.58 13.93
5.5 5.11 10.20 5.13 24.41
6.0 5.42 10.20 5.36 14.88
6.5 5.86 8.00 5.43 27.15
7.0 6.02 6.10 5.80 8.79
7.5 6.18 6.10 5.71 23.18
8.0 4.35 6.10 5.85 22.77

forecasted with various lead times. The plots presented here are only a portion of those

generated for this research. Plots for all 16 forecast valid times for all data periods in

Subset 2 are available from the author.
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Table 5.10. Results from 25 January - 4 February 1999 (Variation)

Forecast| Neural Persist- Climo Random | Neural Persist- Climo Random
Valid | Net MAE ence MAE MAE MAE Net MSE ence MSE MSE MSE
Time (kts) (kts) (kts) (kts) (kts®) (kts?) (kts?) (kts?)

0.5 3.63 2.28 2.68 5.33 16.77 9.58 13.48 49.74
1.0 4.00 3.12 2.14 5.34 21.23 15.16 6.73 51.19
1.5 5.09 3.39 2.06 4.48 35.25 18.29 5.60 35.74
2.0 5.58 2.99 2.01 4.51 45.97 17.16 5.30 38.62
2.5 5.61 2.71 2.15 5.27 43.54 17.03 6.25 45.66
3.0 4.91