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ABSTRACT

The primary objective of this investigation was to
analyze the relationship between a change in the configura-
tion of the gemeral circulatiocn of the atmosphere and asso-
ciated changes in surface climatic conditions. The major
questions raised by such a focus vere addressed in three
sections. First, changes that occurred in selected climatic
elements were explored. Second, alterations in climatic
regions were examined. Third, regions were produced based
upon the type of climatic fluctuation that was cbsesrved.

Two ten year time periods differerntiated by contrast-
ing circulation regimes wer2 selected for analysis. Inves-
tigators showed that the predominant circulation pattern of
the atmosphere was 2cnal for the periocd 1939 through 1949
and vas meridional frcm 1955 throughk 1965. Only winter data
were utilized, for the relatively steep latitudinal tempera-
ture gradient during .lcw-sun months tends to accentuate
changes in regional climatic patterans. Aall one hundred fif-
ty-one first-order climatological staticns in the cotermi-
nous UOnited States where continuous climatic data were
recorded and published from 1939 +to 1965 were included in
this study.

Results from discriminant analyses demonstzated that
the tvwo carefully selected time periods could be differenti-
ated based upon surface climatic data. Circulation and
noisture components changed most sigpificarctly with tiae
shift in the circulation pattera. Generally, moisture lev-
els and temperatures for the atmosphere decreased, and wind
speeds increased as the flow pattern became meridiomnal.
Distinctive spatial patterns existed in composite factor
scores of climatic change data w«whick reflected the develop-
ment of an upper level ridge in the West and an upper level
trough in the East during the meridional period.

Large, spatially homogenecus winter climatic reqgions
were developed for each tem year period usiag prirncipls-conm-
ponents factor analysis and a clustering algorithnm. The
configuraticn of these regions appeared to substantially
change between the zonral and meridional time periods. ta-
tistically significant differences in the west to sast elon-
gation of the resulting regions <for the two periods could
not be verified.

- Xiv -



Regions were developed across the United States based
upon the type of <climatic variation +that occurred with a
shift in the gemneral circulation. The results suggested
that a fluctuation in the gJgeneral circulation pattern was
associated with regionally homogeneouas changes in the sur-
face climatic elements.

The findings of this investigaticn demonstrated that
substantial changes cccurred in the climatic corfiguration
in association with a change in the predominant circulation
pattern of the atmosrthere. The potential applications and
implicaticns of the findings were discussed, and suggesticns
for future research were prasented.



REGIONRAL WINTER CLIMATIC VARIATIONS ASSOCIATED WITH
ATMOSPHERIC CIRCULATION CHANGE IN THE COTERMINOUS

UONITED STATES: 1939 - 1965
CHAPTER I
AN INTRODUCTION TO THE PROBLEHM

Statement of the Problexn

For approximately the first fifty years of tkis cen-
tury, the £field of climatclogy was primarily directed
towards the collection and [presentation of climatclogical
data. The products that often resulted were maps showing
the spatial patterns in a wide range of climatic elements
gathered for often unspecified time periods. With continu-
ing efforts in climatic classification, maps were generated
displaying the spatial arrangements c¢f climatic regioas.
These maps were published in a number of atlases and books,
and in many cases, 1little effort was made to show that the
patterns were less than "fixed" through time. More recent
research in climatology bkas led to models of an atmosphere
treated "dynamically® where aotions and changes in the
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system were analyzed.

The goal of this investigation was to determine if a
change 1in the global atmospheric circulation system was
associated with a change in the surface c¢limatic regimes,
and to identify and.analyze regions where the changes took
place. Three major hypotheses vwere testeé throughout this
investigaticn:

1. As the circulation of the atmosphere shifted
from a zonal to a meridional pattern, changes cccurred
in the surface climatic elements. Regional patterns irn
these surface changes should reflect the change in circ-
culaticn.

2. As the predomirpant circulation pattern
shifted; climatic regions in many areas of the United
States changed in shage and size.

3. As the circulaticn shifted frcm a zoral to a
meridional pattern, homogeneous regions <£formed based
upor surface climatic changss,

.The results of tests concerning the first hypothesis
are presented in Chapter IV, where calculations were nade to
determine which of the climatic elements changed in associa-
tion with a <change in the configuration of the circumpolar
vortex., The magnitude and significance cf their changa were
calculated, and the spatial patterns of any observad changes
were described. Analyses were conducted to determine if the
two time periods, one zonal and the other meridional, could
be discriminated based upron surface climatic data alon2, and

-2 -



to determine if a significant regional pattern existed in
the results from the discriminant functions.

To test the second hypcthesis, Chapter V explores
changes in climatic regions. Climatic regions were deter-
mined for each of two time periods and for an average period
using a clustering procedure, and the results vere mapped.
An exanmination of the maps allowed differences in the
regional alignments to be isolated. Shape measurements were
ttilized to test a hypothesis that <climatic regions vwere
more elongated in a west-east directicm during the zonal
period than in the meridional period, and that a significant
change in shape occurred in conjunction with a fluctuation
in the coafiguration of the general circulation.

In Chapter VI, the third hypothesis was tested where
regions were produced based upon the changes that occurred
in surface climatic conditioms. Unlike the other sections
of this study which identified patterns in the changes in
the various climatic elements or ckanges in the configura-
tion of climatic regioas, this section displays results from
attempts to identify regions, based upcn cluster analysis,
where the climatic configuratioa changed in urison. These
apalyses tested the notion that changes in atmospheric cir-

culation produced regionally homogeneous climatic responses.

Backgrouad
Pew areas of ressarch in climatology have received
as wmuch attention in recent years as those dealing with
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climatic change. Reports from these investigations have
filled books, and both professional and popular journals at
unprecadented rates. The goals of these studies have been
varied, but generally, investigators have attempted to
describe the causes and mechanisams of climatic change, o
they have attempted +to explain the effect of these changes
on some specific location, region, or upon som2 phenomena.
Oliver (1973) and Beckinsale (1973) have summarized the
leading thecries of climatic change, Grcve (1969} and Mark-
ham {1875) have published climatic change studies emphasiz-
ing the effects on specific areas, and Cliver (1973), Smith
(1975), aad Mather (1974) have discussed the relationship
between climate ard a variety of activities.

The many theories that have bsen developed to explair
the causes of climatic change that were reviewed by Beckin-
sale (13973) can be grouped into several categori=as: extra-
terrestrial, atmospheric, and terrestriai. Changes in the
energy released by the sun, whether ir association with the
well-known twenty-two year suaspot cycle (Willett, 1951) or

through geologic time, were 1leading explanations of extra-

¢t

errestrial factors. The work c¢f Milankovitch (1930) has
demonstrated a 1linkage between earth-sun geometry and cli-
matic variatioas ard also falls in this extraterrestrial
category.

Changes in the chemical coaposition of the atmosphere
have also been viewed as factors in climatic change. Varia-
tions in carbonr dioxide, water vapor, volcanic dust, and

-4 -



ozone have all been posed as possible factors in climatic
change by a variety oi authors (Plass, 1956; Davitaya, 1969;
Landsberg, 1970; Schneider and Mass, 197S5; and Wexler, 1952)
and ares leading topics for atmospheric explanations of cli-
matic variatioas.

Several authors have examined the role of terrestrial
changes, including mountain buiiding (Brooks, 1951) and
albedc variations (Kukla and Kukla, 1974) as factors ia cli-
matic change. Currey (1962) suggested that random fiuctua-
tions inp climate may be sufficient enough to create change’
on the magnitude needed to produce glacial epochs.

The very terminology used by various authors contin-
ues to provide some <confusion to the study of «climatic
change. Addressing this groblem, Landsberg (1975) suggested
that the terms revolution, change, <£fluctunation, iteration,
and alteration be given precise tezporal connotations.,
Using Landsterg's terminology, the kind of climatic varia-
tion discussed in this paper was a climatic fluctuation,
defined with & duration of ten to cane thousand years.
Throughout this report, these two terms, change and fluctua-
tion, will be interchangably used to describe the variation
in climate between two ten year pericds.

Although many theories have peen developad to
explain the causes of c¢limatic variations, and mazy teras
have been incorporated to describe them, many leading atmos-
pheric scientists agreed that climatic fluctuations, what-
ever the causes, are manifested in the atmosphere’s general
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circulation system (Mitchell et al., 1971). Harman (1971)
suamarized a large amount of work aimed at explaining this
geperal circulation. Simply, the energy imbalance between
the lower and higher latitudes drives the géneral circula-
tion system keeping the earth in an enrergy equilibﬁium.
Surplus enexgy, in several'forns, is transpcrted from the
equatorial regions poleward to the higher latitudes where
outgoing radiation exceeds incoming radiation. This energy
transport creates the general patterns of wind £for the
globe. Due to Coriolis deilection acting upon air parcels
moving poleward, a band of strong, westerly wind currents
forms in the upper atmosphere of the middle latitudes wkich
surrounds the pole. This band lies at the boundary of the
cooler, polar air masses on its poleward side and the
warmer, tropical air masses on its equatcrward side. If the
temperature gradient is relatively snall between thz lower
and bigher latitudes, these wind currents <ravel around the
globe in a generally latitudinal fashion, referred to as a
zonal flow. However, if this temperature gradient steepens,
the circular flow forms a sinuous'pattern moving around the
hemisphere with strenger north-south components, still at
the boundary of the polar and tropical air masses. The sec-
ond configuration 1is & meridional flow pattera. dhatever
the configuratiorn, the wind band, called the circumpolar
vortex, significantly affects the weather and climate of the
earth’s surface, particularly in the middle latitudes where
the boundary between the polar and trepical air masses is
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normally located. The circuapolar vortex tends to persist
at some 1level of equilibruim, but a change in the annual
energy balance of the earth, for whatever reason, can force
a stepvise change in the corZiguration of the circumpolar
vortex, creating a climatic fluctuation.

The type of climatic conditions found at the surface
ip association with nmean wave positions follow a set of
well-known principles., Harman (1971:15)stated:

In the vicinity of a trough where air flows froam
higher to lower 1latitiudes, temperature departures
are negative as polar air masses, tramsported south-
ward by the prevailing northwesterly flow,overspread
the region. Beneath the ridge, in contrast, wvaramer
than normal air is advected northvard and mean tenp-
erature departures ar2 correspordingly positive.
More directly, higher than normal pressures are found in the
region domirated by an upper level ridge, lower pressures
are found at the surface in the vicinity of the trough.

The mean position of these wave features also affacts
vertical motiocns in the atmospher2 criticael in the precipi-
tation formation processes., Just ahead of the upper levzal
ridge, air flow is in a convergiag pattera, favoriag subsi-
dence of air parcels towards the surface, inhibiting precip-
itation formation. The subsidence G[pattern also favors
lighter than normal wind speeds. Ahead of the upper level
trough, divergeace occurs in the upper atmosphere. This
condition favors surface converg=2ance and -ccnvection, with

stronger wind speeds at the surface, increasing the poten-

tial for precipitation formation. Increases in the anmpli-
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tude (north-south dimensions) of the long vaves accentuates
these vertical motions in the atmosphere. Positive precipi-
tation departures are therefora expected ahead of upper
level troughs, and negative departures are expected ahead of
upper level ridges. The surface climatological data will
reflect these patterns only if these long waves remain rela-
tively stationary for extended periods of tine.

The 1linkage between upper level flow patterns and
surface climatic conditions has been studied using a set of
physical equations. General circulation models, such as the
one developed by Manabe (1969), allow for interactions to
occur through different vertical levels in the atmosphere.
The construction of a climatic model demands rigorous evalu-
ation of +the processes which make up the climatic systenm.
By employing the equation of state for a perfect gas, the
Pirst Lawv of Thermodynamics, the hydrostatic equation, equa-
tions of horizoantal moticn, and =2quations for the contirnuity
of mass and the continaity of water substarnce, the basic
physical processes occurring in the atmosphare ars modeled.
Reasonable approximations are calculated from the mod=ls for
both surface and upper 1level climatic coaditions. The
results of the anodels demonstrated +that the conaections
between upper level flow patterns and surface conditions are
not only understood at the descriptive level, but these con-
nections are also understood and estaklisked using sound
physical principles.

A number of authors have investigated the timing and
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causes of ciimatic fluctuations. Kalnicky ({1974) presected
convincing evidence that the change from a zonal to a meri-
dional flow occurred in the early 1950's. He factor ana-
lyzed a time series matrizx containing the number of days
represented by each of Dzerdzeevskii's fcrty-one circulatiorn
types from January 1, 1895 through Decemker 31, 19689. The
eigenvectors calculated were interpreted as zonal or meri-
dional, and factor scores for each year were plotted through
tinme. For both the summer and winter data, a stepwvwise
change in the predominant circulation cccurred in tke early
1950°s. Kalnicky noted that th2 change in circulation cor-
responded closely with a shift from warming to cooling in
the Northern Hemisphere.

Dzerdzeevskii (1969) reported similar £findings to
those of Ralnicky. The basis of Dzerdzeevskii's work was in
the classification of circulation regimes into "types.® He
also showed that by the early 1950's, the general circula-
tion of the atmosphere.had shifted £from a predominantly
zonal pattern to one that was meridional. He suggestad that
this shift was observable in changes in regional pat*erns of
precipitation and temperature which may in turn signifi-
cantly affect hydrological pkhenomena.

The noted British investigator, H. #H. Lamb, kas also
studied changes in circulatiocn through time (Lamb, 1966).
Lamb examined temperature and precipitation patterzns, and
described the effects <¢i changes iz these elaments upon
hydrological features im Africa. Construction of prassure
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anomaly maps led Lamb to conclude that the first half of the
1960's had seen meridional windstreams become more prevalent
in the extratropical latitudes of the Northern Hemisphere.
He also concluded that there were reasons to expect more
variability in seasonal rainfall ard temperatures in many
regions to accompany the meridional flow pattern.

Wahl and Lawson (1970) published findings that dem-
onstrated that the late 1550's and 1960's appeared +*to be
very similar to a time period 1850 through 1869. By compar-
ipg climatological data from thirty-five areas in the United
States from the mid-nineteenth century to the 1931 - 1960
®"climatic normals"™ for tae same regions, the authcrcs con-
cluded that the earlier perio@ was dominated by meridional
circulation. During the 1850's and 1860's, the western
states appeared +to be reslatively varmer than the eastern

states., Precipitation values were thought to ke less relia-

(%

ble than temrperature, but it appeared that thz western
states were wetter than the ecastern ones ia the mid-180G's.
Spatial patterns 1ia aore recent <climatic data, a period
froa 1959 +through 1968, strongly resembled the meridiocnal
pattern of the 1850'5 and 1860's.

In an article describing conditions orn ths Americarn
Great Plains over the past eighty years, Borchert {1971)
showed that drought continued to cccur at intervals of
approximately twenty years. The pattern of drought ckserved
through time clcosely £followed changes 1in the predominant
flow patterns which have also <fluctuated near this twenty
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year interval. Borchert reported that the zonal flow
doainated in the 1930*%s; by the early 1950's, the pattern
vas reported to have shifted back to meridional. Consegquen-
tial impacts on vater availability, scil saliaity, <crop

productivity, and on migration of farmers were noted.

Geographical Approach

Changes in the circumpolar vortex have been studied
through a variety of disciplines. Investigators have used
these ideas to study geological phenomena (Brooks, 1951),
discontinuities in civilizations (Wendland and Bryson, 1974
and Bryson and Murray, 1977), and changes in apnizal and
plant communities (Crisp, 1959). The development of general
circulation models for the atmosphere relied heavily on
changes in the configuration of the system to balance energy
disparities (Smagorinskyv. 1971).

The interdisciplinpary nature of the study of cli-
matic variation is well suited - to inguiry by the geographer
interested in climatologye. The gquestioa that persisted,
however, was ho¥w should geographers study climatological
phenomera in some uniquely geographical way? This topic was
debated vigorously in the 1950's; some gsographers {Jones,
1950 and Pitts, 1956) argued that climatologists needed to
be applied, providing direct input into other geographical
studies, Trewartha (1957) argued <that climatology w¥was an
atmospheric science that should be studied for its owan sake.
Hare (1966) stated that geographers shculd viaw climate in
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terns of impact on human activities. Terjung (1976) argued
that models created in geographical climatology should be
linked to the generai decision-making process. In this
investigation, some attempt was made t¢ indicate the useful-
ness, in terms of human activity, of the findings.

Studying some phenomenon geographically goes beyond
developing the implications of the results to human activ-
ity. Geography is fundamentally a study of spatial pattaras
exhibited by phenomena. Stringer (1972:35-36) stated that
the aim of the geogragher was to assess the exfenf to which
atmospheric phenomena are mapifested <regionally. The spa-
tial approach remaics the comaon factor cementing the disci-
pline, not the emphasis on utility. Hence, this investiga-
tion generally sought to f£ind spatial patterns in the
changes of cliratic elements in associated with a fluctua-

tion in the circulation pattern of the atmosphere.

Botential Contributions

Each section in this investigatican holds poteatially
useful contributions, not only tc the a*mospheric sciences,
but to many physical and social studies for which clizate is
a component. The combined efforts reported in this investi-
gation addressed a fundamental point in ruck of the research
in the f£ield of climatic change: do changes in atmospheric
circulation coincide with siganificant changes in the surface
climatic parameters, and do these changes, if observed, dis-
play distinctive spatial pattarns? It is well established
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that many cultural activities are linked to <climatic
elements {0liver, 1973; Smith, 1975; and Mather, 1974). Por
example, many models revievad by McQuigg (1975) related cli-
mate to the production of food, wvwater supply and demand,
energy coasumption, and to commercial and industrial activi-
ties. Knowledge regarding which elements have changed and
the magnitude of their change is wvital in decision-making
areas sensitive to atmospheric conditions. Defining regions
vhere the magnitude of change was greatest 1is useful irn
establishing imdices of risk from climatic <fluctuations.
Determining which elements chang=z the  most may be useful in
ronitoring the intensity of future climatic fluctuations, or
in the interpretation of climatic histories. In that many
activities and phenomena have been shown to closely follow
the boundaries of climatic regions, isolating changes in tae
bouadaries is an importamt factor in predicting shifts in
the spatial patterns of the phenomena under consideration.
The urgency for studies 1in climatic variability in
connection with national activities was spelled cat in the
recent United States Climate Prograa Plan {Interdepartmental
Committee for Atmcspheric Sciences, 1577). Throughout this
Program Plan, the sensitivity of many human activities to
climatic conditions was stressa4d. Climatic variability
studies where recent climatic fluctuations were investigated
were viewed as important in identifying the key climatic
el=zents of the global system that ¥ers sensitive to cli-

matic chaxrge, allowing cause and effect hypotheses to be
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tested. Tests of the aumerical mcdels aust include
simulation of past climates, and results of this study could
be used in model verificationm. Studies displaying regional
patterns in climatic «change may lead to the identification
of interrelationships, through space, existing in the cli-
matic change rprocesses. Information on past climatic fluc-
tuations is also needed in developing the Tequirements for
refining the obsevational network. Ir sum, the United
States Clinate Program Plan callad for the explicit deterai-
nation of the nature of climatic fluctuations that bhave

occurred in the United States.



CHAPTER II

GENERAL OPERATIONAL CONSIDERATIONS

AND METHODOLOGICAL FRAMEWORK
Operational Consideraticas

Temporal Considerations

The definition of surface climatic changes between
twvo contrasting circulation regimes regquired the selection
of a time period that had been dominated by two distinc-
tively different <circulation types. The time pericd must
have been 1long enough to give <climatic averages signifi-
cance, The consensus of a group of «climatic researchers
(Borchert, 1971; Dzerdzeevskii, 19&9; Kalnicky, 1974; Lamb,
1966, 1969; and ¥aanl and Lawscn, 1370) supported the conclu-
sion that upper air circulaticrn was zoral during the 1930°'s,
1940's, and early 1950?'s. By 1953, the circulation shifted
to a meridional pattern that has persisted through the
1970¢s, For‘this investigation, ten years, a standard time
scale 1in climatology {Mitchell et al., 1971), of each
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circulation type was Trepresented. Only winter data
{December, Jaauary, and February) ¥ers utilized in that
temperature gradients are ste2epest in winter from equator to
pole, and climatic fluctuations tend to be accentuated dur-
ing the low-sun months. During the summer, <+the relatively
small horizortal temperature gradient leaves the general
circulation in a weak, poorly defined state,

Two study periods vwere selected primarily om the
basis of the werk of Kalnicky (1974). One, the 2zonal
period, was defined as the ten yesars of winter climatic data
from Decenmber, 1939 to February, 1949; the meridional
period began in December, 1955 and continued through Febru-
ary, 1965. This schems yielded two distinctly different ten
year periods, one dominated by a 2zonal flow, the other by
meridional circulation.

Figure 1 displays the @modal 500 millibar circulaticn
patterns for the zonal and meridional periods. Of ten, mean
flow calculation smooth out variations cccurring frca month
to month, Over longer periods of time, in thkis case thirty
months of each type of circulation, differences bstween the
zonal and meridional mean prevalent flcw patterns would be
lost in the averaging process.

The patterns displayed in Figure 1 were developed
from an examination of the 500 millibar prassure surfaces
for all zonal aad meridional months ia this study. These
pressure maps were published in the Monthly Weather Raview
until 1950, and then were continually published in

-

-10-



Climatological Data: National Summary. The contour interval

for the maps in Pigure 1 is approximately fifty meters, witk
the highest values of the pressure sarface found in the
scuthern regioas, The magnitude for each contour line was
not presented, for these maps display the modal shape of the
500 millibar surface. The mean height of this surface nmay
ckange from month to month, but only the pattern of the sur-
face was of interest here. The major difference between the
two was the large ridge developed over the Rockies and the
trough over the eastern one half of the United States during

the meridional period.

Selection of Climatic Elezents

In many climatological investigations, temperature
and precipitation values averaged at the monthly time scale,
conprised the data for which the study was based. Ideaily,
many more variables of the <c¢limatic configuratiorn should be
included, but too often, the lack of quality measurements
through time and space restricted the use of less conven-
tional variables (e.g. solar radiation, evaporatiocn, vortic-
ity). In this study, attempts were made to include sonme
type of measurcsnent from each of the atmosphere’s tkree
major components: (1) a measure of vorticity or surface circ-
culation; (2) heat energy; and (3) moistures. Barrett (1970)
suggested that these three coaponernts, in oae <form or
another, were the basis for most climatoclogical studies. It
actual practice, surrogates for each were determined from
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Contour Interval
is 50 meters for
500 millibar heights.

Zonal Pattern

Figure 1: Modal Zonal and Meridiomal Flow Patterns
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the existing data. A1l data in this study were taken at the
monthly time scale, as changes in climate should show up in
the monthly averages. Monthly averages also eliminatsd the
fluctuations at smaller time intervals associated with nmov-
ing short waves that might obscure the pattern of the per-
sistent circulation type.

Three major climatic variables were used as indica-
tors of <circulation: (a) Dbarometric pressure; {b) wind
speed; and (c) wind direction. Barometric pressure varia-
tions were assumed tc vary inversely with vorticity (Aarman,
1971) . §ind speed and wind direction wers also combined ir
vector fora to yield a measure of the ncrtherly and westerly
components of the wiand (Coffin, 1964). Several measures of
wind persistence were also computed.

To estimate heat energy, average monthly temperaturs
values vwere employed. Work by McBoyle (1971) and a pilot
study by this investigator showed a high correlation exist-
ing between average, maxiaum, and minimum temperatures. The
more commonly used variable, average monthly temperature,
was utilized +to avoid unnecessary ovezrlap in the measure-
ments,

Three dimensions of atrospheric moisture: (a) rzla-
tive humidity; (b) total precipitation; and (q) precipita-
tion days were included. Variations in total precipitation,
moisture in the atmosphere, aad precipitation intensity were

obtainable from the measurements.
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Data Availability and the Station Network

¥ith the time periods and climatological elements
identified, a station network of sufficient density was
selected. The ccterminous United States provided an excel-
lent surface for testing clipatic.fluctuations as it falls
in the middle 1latitudes where the circumpolar vortex is
often located in the winter nmonths. The result of this
location meant that changes ian the circulation configuratiorn
were likely to be displayed in the surface climatic data, if
the hypotheses of this study wers correct. The surface was
sufficiently large to yield meaningful regions bas=24 upon
climatic fluctuations, and it contained a variety cf topo-
graphic features which interacted with the change patterns.
A reasonably goed network of stations was maintained under
government supervision for the length of time regquired for
this study. A1l first-order climatolcogical stations that
continually recorded and publisked temperature, pressure,
noisture, and wind data from December, 1339 through Febru-
ary, 1965 were included, one hundred fifty-one in all (see

Figure 2). The data were published ir the Monthly Heather

Review until 1550 and then appeared in a similar feorm in

Climatological Data: Natiomal Summary.
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Methodclogyical Framewcrk

Nearest-Neighbor Analysis

To test the notion that the station network was dis-
tributed fairly evenly across the continental United States,
the nearest-neighbor test was used. This test provided a
precise measure of the degree of randomness of the distrib-
ation of points within the study area. By examining the
nearest-neighbor statistic R, one can determine if the
points are clustered (R = b.O), random (R = 1.00), or uni-
form (R = 2.15). Adn R scale can be created using these
benchmark values, and point patterns may be described as
Wapproaching random" or "nearly clustered® and so ox. From
the laws of mathematical fprobability, the nearest-neighbor

statistic vas derived as:
R = £ (4)/r (E)

where r{A) wvas the actuzl mean distance Letween climatologi-

cal stations calculated as:
T{A) = [r(1) + T(2) + « « « + (N) I/N

wvhere r{i) was the measured distance from each station to
its nearest-neighbor, and N was the tctal number of sta-
tions. The value of r(E) was the expectsd mean distance

calculated as:

r(E) = 1/(2\p)
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vhere p was the expected density given by:

P = B/total area.

For a further discussion on the development and use of this
test, see Yeates ({1974) and King (1968).

A majcr concern in this study was that the station
network formed a clustered pattern, biasing the findings.
Any B value betweer the random valu2 of 1.00 and the uniform
or dispersed valpne of 2.15 deroastrated that +the distribp-
ution pattern of the stations was acceptable, assuring that
no significant overlocad entered the study from one region in
the Onited States. The R value determined for the distrib-
ution of stations presented in Fiqure 2 was 1.36, a value
demonstrating that the pattern of stations was acceptably

dispersed across the United States,

Homogensity Test

In that many of the records used irn this study were
from wrban 1locatiocns marked by possible land use2 changes
near the collection site, <changes 1in air gquality, or even
changes in the collection site 1location, a test of randonm-
ness in the climatic data was performed to be certain that
the data for each station were regionally homogeneous. Dif-
ferential trends in the records were not necessarily 1lin=sar,
therefore, tke test must Lave been capable of detecting

non-lirear cr linear treads. Such a test was described by
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Mitchell et al. (1971) where the Mann-Kendall Rank

Statistic, T, was computed as:
T = [4P/B(N-1) ] - 1

wvhere N was the number of ysars in the data set, aand P was

the statistic calculated as:
P = n(1) * o o o ¢+ D.(N-’)

where n{i) was the number of 1latter terms in a tim2 series
that exceeds x(i), fhe test variable. In other words, tc
find n{1), compare the value of the first term, x(1), with
each term in the series that follows, ending with x(N). The
number of times x(1) was exceeded definpes n(1). The value
of n{2) was determined by comparing x(2) with =2ach succes~
sive value in the time series, counting the number of larger
terms, and so on until n(N-1) was determined.

Por cases where N is ten or greater, the value 0f T

is compared to T(t) with the value:

T(+) = 0 + t(g) N(+10)/[N(N-1)]

where t{g) 1is the probability point of the Gaussian distrib-
ution for a twe—-tailed test. For example, t(g) is 1.96 for
the .05 confidence 1jevel and 2.56 at the .C1 cornfidence
level. If T 1s greater than T(t), a significant different
trend is established, 1£f T is less than T(t), 2o differen-
tial trend is substantiated.

A problem that was encountered in using this test
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ies in the computation of T(t). The 1limit of the T (t)
function computed as N, the number of years, increases to
infinity’is Zero. In other words, the significance indica-
tor T(t) becomes very small as the number of. years inceases.
The same was not true for the equation for which the Mann-
Kendall Rank Statistic, T, 1is generated. Therefore, the
test becomes overly sensitive when the number of years in
the series increases.

The selection of the correct climatological variable
“for use in the test was of cbvious importance. Petersoxn

(1975) reviewed a great deal of work written on how charging
land use in urban areas affects local climates. Temperature
has been cited as one variable guite sensitive to changes in
the urban landscape. It has <the advantage of being more
regionally homogeneous through time compared +to precipita-
tion measares, making it well-suited for use in the homo-
geneity test. Mitchell et al. (i571) suggested the use of
barometric pressure, as it is a difficult record to keep
compared to many variables and is particularly sensitive to
changes in the location of the collection site. In this
investigation, both +teaperature and pressure Jeres used to

test the records of all oze hundred fifty-one stations.

Discriminant Analysis
Discriminant analysis is a multivariate vtechnigue
used to test the hypothesis that for each station, the years
in the zonal group and those in the Rmeridional group could
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be accurately discriminated based c¢m the appropriate
climatic data. Prom the results of the test, the most dis-
criminating variable was identified, the significance of the
discriminant model was ccmputed, and the accuracy of the
model wvas determined., Maps of the most discriminating vari-
able, significance of +the model, and the accuracy of the
discrimination were produced, and the resulting spatial pat-
terns were analyzed. Some examples were giver demonstrating
the usefulness of the discriminant functions in analyzing
current climatic data.

To derive the needed formulas, the climate data for
a given station were broken down intec two distinctive
groups, one zonal and the other meridicmnal. The discrimi-
nant analysis assumed that these were ncnoverlapping, dis-
tinctive groups. The goal in deriving the discriminant
functior was to maximize the ratio cf the distance between
sanple me2ans and the standard error withia the means. The

discrimipant function was:
Y=Db(Dx(1) + « . « + D{p)x(pP)

The values for the b coefficients on each variable x were
derived using the least sguares technigue.

In this study where climatic variables Were used as
discriminating variables, the number of variables necessary
to produce an accurate discrimination was often far less
than the total number of original variables. A stepwise
discrimisart analysis technigue was therefore used where the
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"best variable™ was picked from the set, and using it alone,
the significance and accuracy of the model were computed.
The "next best variable™ was then entered into the equation
in combination with the first. This prccess continued until
all variables were entered or until noc improvement in the
discrimination was @made by adding additional variables.
This procedure produced an efficient model with only as many
variables included as were needed to yield maximum discrimi-
nation, Bach year was then reclassified into either the
zonal or meridional group based on the optimum discriminant
model, and a measure of accuracy was calculated. For a fur-

ther discussion on discriminant analysis, se=2 King (1969).

Trend-Surface Analysis

Throughout this investigation, a pumber of isopletkh
maps vere generated displaying the spatial pattern of change
in a variety of climatic elements or in the accuracy of dis-
criminant models, At each staticn location, a «rnumber of
local factors may have influenced the resulting values for
any type of measure, thus introducing random variations, or
*noise® into the pattern. In that the maps were constructed
to convey general spatial patterns in these data, some typ=s
of filtering procedure was required to eliminate "Ynoisa" and
isolate the more impcrtant M™signal™ or underlying structure
in the data. Such a technique is trend-surface analysis,
where some given data (2-values) are statistically derived
from their x and y positior in srgace. Haggett and Chorley
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{1968:196) stated ". . . trend-surface mapping represents an
attempt to build up some generalized picture of areal varia-
bility in order to test some process-response nrodel."

The construction of the trend-suxrface fitting may be
carried out a namber of ways, but the "fitted-regression"
nethod vas viewed as most desirable for geographical prob-
lems (Haggett and Chorley, 1968). Given an x-value and a
y-value for the 1locaticns of +the stations <£for which the
z-values vere representative, mnultiple regression eguaticns
were produced. éhe relationship car be a lirear one in the

form:
2 =a+ bx +cy

where a, b, and ¢ vere coefficients from the regression
analysis. This linear equation would produce a f£lat planar
surface which could be ®tilted" in space. In many cases,
higher «c¢rder trend fittings would prcduce a better £fitz,
where the +total ‘explained variance (a2 multiple R sguared)
increased. 3 second-order peclynoaial in two dimensions

would be in a form:

2 2
z=a+bx+cy+dx +exy+ £y

wvhere a, b, « « « , £ were partial regression coefficients.
The surface formed by the second-order pclynomial would be a
paraboloid, with only «cne ridge or valley. gigher order
fittings produce greater rumbers of inflections on the sur-
face, and generally form a better fit, but <+the number of
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terms necessary to produce higher order maps increases
exponentially. From the trend-surface fitting, residuals
representing the difference between actual z-values and cal-
culated trend-surface z-values can be determirned. Spatial
patterns in residuals may indicate the existence of local
influences creating homogeneous deviations from the general
pattern.

One of the problems in using trend-surface analysis
was in the determination of the levél at which the £it wvas
to be accepted. Lower order fittings often uncover the very
basic spatial structure of the data, but the total variance
explained by such a surface may be upacceptably low. Higher
order fittings may begim to incorporate unwanted "noise",
and thus may destroy the justification for using the techni-
que., Experimenting with the technique showed that explzin=ad
variance added by increasing to the next order falls off
sharply after approximately the fourth-crder fit; and by the
sixth order, the fitting explained a gcod amcunt of vari-
ance, with local "noise® still apparently absent. There-
fore, nearly all the fittings were sixth-order, 1leaving
smoothed patterns where general spatial trends were identi-

fiable.

Principle-Conrponernts Factor 2Analysis
In many of the analyses used in this study, a large
number of interrelated variables were used. To uacover the
underlying structure of the variables, a
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principle-conponents factor analysis was applied. According
to Rummel (1970:3), <factor analysis "disentangles complex
interrelationships among the phenomena into functional uni-
ties or separate or independent patterns of behavior and
identifies the independent influence c¢r causes at work."
Using this technique, 1large matrices containing many varia-
bles can be condensed into just a few significaant, inter-
pretable factors, often accounting for most of the variance
in the original matrix. The resulting factors are orthogo-
nal, "~ making them ideal for use in a variety of other multi-
variate techaniques.

One of the first probleas enccuntered when using
factcr analysis was in the selection of the most appropriate
factor analysis model. The two most frequently used models
are common factor analysis and princigple-components factor
analysis {Rummel, 1970). The essential difference bhetween
the two lies in the assumption regarding the amount of vari-
ation of the population explained by the choéen set of vari-
ables. The common factexr acdel aésumes that only part of
the variation in the population is explained by the selected
variables, breaking the variance of each into unigue and
common parts. The principle-components model assumes that
all variation ir the population 1is ccntained withian the
matrix, with no assumptions about commcn or unigue parts.
In this investigation, the factor analyses were not used to
directly uncover dimensions of common variance, but were
used to define the underlying patterns in the total variénce

-30-



in the data. The principle-components model was used to
uncover what Rummel (1970:312) referred to as the "basis
dimensions of the data.®™ Rummel (1970:112) also admitted
that "often the results of component analysis and <common
factor analysis aré quite similar.”®

Basically, the principle-components model first cal-
culated a correlaticn coefficient matrix displaying the
intercorrelation within the variables, keeping values of
1.00 in the diagomnal. The problem +then became one of iso-
lating vectors which summarized the variations found in the
intercorrelation matrix. | Conceptually, it was possible to
locate, 1in a-space, where an was the nuaber of variables,
points representing the correlation of each variable with
every other variable. A P"best-fit" vector passing througk
the origin was then calculated which accounted <£for the
greatest amount of variance in the correlation matrix. This
vector is called the "primary coamponent® or the "first fac-
tor.”™ The degree of association between each variakle ard
the first factor was calculated by <takipg the cosine of the
angle between the <first factor and the vector running
through the origin passiang through the loccation, in n-space,
of the point representing the correlatican of the variable in
question and every other variabls. Thes2 cosines for each
variable's angle are called factor loadings, and if sguarad,
indicate the amount of variance 3in the variable accounted
for by the factor. The sum of these sgquares, called the
eigenvalue, represented the amount of total variation in the
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data set accounted for by the first factcr.

A second factor was then fitted to the data which
was orthogonal {(at ninety degrees) to the first principle-
component. Loadings and eigenvalues were calculated in the
same manner described above for the first factor. A third
factor, orthogonal to the first two, was then formed, then a
fourth, and so on until n-number of factcrs were formed.

The last factors formed normally accounted for very
small, trivial portions of the total variance. Those fac-
tors accounting for significant asounts of variance there-
fore reduced the number of climatic elements. The point at
which a factor was no 1loager «considered significant was
determined by the eigenvalue. If the eigenvalue vwas less
tkan ocne, indicating that less than one variable's variance
was accounted for by the factor, the variance was considered
trivial, and the factor was not used in further computatiors
(Yeates, 19374:221). To interpret these factors, the Ifactor
axes were rotated in such a way that the factors pass
directly through clusters in the vector space. This proce-
dure increased the factor loadings on scme variables, allow-
ing for a better interpretation cf the factors. Pactor
scores, which replace the original data for the reduced fac-
tor solution, were generated by multiplying the original

. standardized matrix by the loadings for each factor:
2L = S

where Z was the standardized matrix of n observations and m
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variables, 1 was the loadings matrix with p componrents or
factors and = variables, and S was the matrix of factor
scores with n observations and p components or factors (see

Yeates, 1974 and Rummel, 1970 for further discussion).

Numerical Taxomony - Cluster Acalysis

In tvo secticns of this study, a method was rsquired
to group stations into distinctive climatic regioans. Clas-
sification has been a major emphasis in climatology with
landmark works published by Koppen (for a raview, se2 wWil-
cock, 1968) and Thornthwaite {1943). In recent years, sone
attempts have been made towards the development of g2neric
classification systems which avoided prcbleas of the better
known Koppen and Thornthwaite systenms. Some of these prob-
lems were presented by Thornthwaite (1943) and Hare (1951)
earlier in this century. McBoyle (1971} showed that the
combination of <factor amalysis and cluster analysis could
produca meaningful climatic regionms. This system kad the
advantage of being based upon climatic data alone, and the
climatic boundaries derived from the ciustering indicate
where the climate changed most rapidly.

This same type of procedure, using factoer amnalysis
and cluster analysis, was selected for use in tkis study as
the type of data in use, only winter data, were not r=adily
applicable to the Koppen and Thoranthwaite systenms. Numeri-
cal classification using these techniques produced regions
based wpon atmospheric variables, rather than on hov these
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variables affected scme other phenomena. The system also
allowved changes in the regional structure, including
increases and decreases in the number of regions, with rsla-
tive ease. Importantly, it provided a consistent system for
classification of climatic data throughout the study.

The cluster analysis 1in use came from the field of
aumrerical taxononmye. Sneath and Sokal (1973:4) defined
numerical taxonomy as ¥the grouping by numerical methods of
taxonomic units 1into taxa on the basis of <their character
states." Basicaily, taxonomical techriques group uanits, in
this case climatological stations, according to their degree
of similarity. A number of schemes have been developsad for
taxonomical problems, £for similarity, 4in multidimensional
space, can be defined pany ways.

The type used in this investigation was an
unweighted average linkage clustering where the distance
betveen stations was calculated by a Euclidean distance for-

mula extended into n-dimensions where:

b= Vla(1)-a(2)1? + ()52 + . + . + [a(1-n(2)7

vhere D was the distance computed by Euclidean distance, a,
b, C¢ « « « 4 0 Tepreseatad the variatles in use from sta-
tion 1 and 2. In that tke Zuclidean formula is based on
orthogonal axes, all data were transformed by princigple-coa-
ponents factor analysis so that th2 axes became orthogonal.
A1l data were standardized before entering the mcdel so as
to not weight any one variable according to its measursment
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units. Once two stations were grouped, the centroid in
n-space, became the point compared to ungrouped stations, or
to computed centroids <from other groups. This scheme was
seen as desirable by Sreath and Sokal (1971:228) as it
smoothed extreme values which distort calculatiorns in other
forms of numerical taxongnmy.

The successful clustering of the climatological sta-
tions resuited in the creation of a phencgram displaying the
linkages between the statioms. The distance 1level repre-
sented the distance in n-space between the stations or
groups of stationse. The difficult question then became, at
vhat distance level should the clusters ke divided. 2 level
too low produced too many groupings and resulting regions, a
distance level too high préduced far too few regions for
adeguate differentiation. Hoel (1960:9) suggested that with
more than oae hundred statioms, between ten and +twenty
classes were desirable. Therefore, phencrn lines, defined as
lines of equal distancs level, nmust bes passed through th=
linkage tree dividing the groupiags in a consistent, urifornm
fashion, creating £from ten to twenty clusters. This objec-
tively formed the groups, ¥ithout bias from the investiga-
tor. Bach of these concepts re illustrated in 2 sangle
phenogram in Figure 3.

A cophenetic correlation was calculated for each
phenogram in the study as a test for distortion on the phe-
nogran. This measure was a correlation coefficient between
actual distances in n-space and implied distances on the
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phenogram., For example, using Figure 3, one could calculate
the actual distance from station E to station B or C; the
ipplied distance on the phenogram between station E and sta-
tion B or C was 4.0. If the correlation between implied and
actual distances .between stations w@as 1.00, then no distor-
tion existed, smaller cophenetic correlations indicated

greater amounts of distortion.

Shape Analysis

To test the hypothesis that climatic regions signif-
icantly change shape ia association with a change in the
general circulation, measures for shapes of cells, 4in this
case climatic regions, ver=2 exaained. Haggett and Chorley
(1969:70-~-74) described the measures c¢f shape previously
employad ir geographical research. Mcst of the egquatioans
given used area, perimeter, and a series of axes to describe
the basis characteristics of shape for cells. All of the
measures described shape without rsgard o orientation, a
key factor in application to this problen. The hypothesis
here was to test whether or not climatic regions were 2lcon-
gated in a vest-east direction during the zomnal period, and
that the shapes significantliy changed «relative to ths west-
east orientation, If climatic regions would be egqually
elongated, but in a north-south directicn in the meridional
period, the measures suggested by Haggett and Chorley would

demonstrate no change ia shape. Tc overcome this problem, a
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rather simple formula describing shape, S, of a region was

employed:
S = A(N-S) / A(E-W)

where 3 (¥-S) ana A (E-W) were the major axes in the north-
south and west-east directioas. If climatic regions becanme
less elongated in the West-east direction froa the zonal to
meridional periods, this shape measure would detect the

change.
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CHAPTER III

DESCRIPTIOH OF CLIMATOLOGICAL DATA

SETS USED IN ANALYSES

Original Climatic Data

All hypotheses presented in this study were effec-
tively tested only with a base of valid data. These data
should be homogeneous through both time and sPace, gipimiz-
ing problems of uniformity <£from one station to the next.
A11 climatic elements must be measured at each selected sta-
tion and gaps in the data must be minimized. In that the
data used in this study ranged in tiame from December, 1939
to February, 1965, subtle changes in the collection and
recording procedure were noted, and steps were taken to cor-
rect for any of these changes.

Three neasures of circulation were selected from the
pubiished data: pressure, w#ind speed, and wind direction.
Por barometric pressure, the station pressure, reduced to
the mearn for each twenty-four hour period, were averaged to

yield an average monthly barometric pressure. Station level
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pressure was utilized instead of reduced sea level pressure
for two reasoas. First, the pressure measure was used in
the homogeneity test which sougat to find the significance
in changes of the actual statiom locatiocn. Reduced pres-
sures would be insensitive'to changes in site, and station
level pressures would be extremely sensitive, éecond, no
sea level pressures were recordad for January and February,
1943. The problem of differing base level pressures through
space was not a facter, as this study examined changes
through time in the climatic elements. The units used to
record barometric pressure were inches of mercury through
February, 1944, and millibars froam December, 1944 through
February, 1965.

Average monthly wind speed was computed £rom hourly
average velocities froa December, 1939 through December,
1964, and was recorded is miles per hour. 3However, the wind
resultant speed was the value published for January and Feb-
ruary, 1965. This was the value calculated as the leangth of

the resultant wind vector of all daily wind vectors. Th

(D

resultant wind speeds were generally very low ccmpared to
average wind speeds, and were aot directly <comparable to
measures of wind speed. Oniy if all daily wind directions
for a month were egual would the average and resultant wind
speeds be egual.

A variety of differept scales were used to record
wind direction <values from 1939 +to 1965. Froa December,
1939 to December, 1948, all prevailing wind diractions were
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recorded by the eight major compass points (N, NE, . « .
¥, NW). PFrom January, 1949 through December, 1963, the pre-
vailing wind directions were recorded by the sixteen compass
points (N, NNE, NE, ENE, E, « . . , N&, NNW). Beginning in
January, 1964, the wind direction values were numerically
recorded in units of ten degrees (1, 2, 3, %, . . . , 35,
36). Pigure 4 displays the types of units utilized in
describing prevailing wind directions.

A second component of the atmosphere was hzat
energy. Over tkhe length of time of this study, solar radia-
tion data were so sparse through space that a surrogate,
average moathly temperature, was used. Of all the elements
included in this investigaticn, temperature was the most
consistently recorded variabple. FPor the entire 1length of
the study period, average wmonthly temrerature was recorded
in degrees Fahrenheit.

To estimate moisture in the atmosphere over tims3,
three variables were used: relative humidity, total precipi-
tation, and precipitation days. Mean relative hunidity was
recorded in percentages for the =2antire leng*h of the study
period. Total precipitation was consistently given in toctal
inckes for each month; if only a trace was recorded, the
value vas assumed to be zero. Snow amcunts were melted to
yield comparatle values with <raiafall. Precipitatioa days
vere always given as the number of days in each month that a
aininum of 0.01 inches of precipitation was recordzd.

All data, exactly as fouad in the published recoris,
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Figure 4: Measurements Used for Wind
Direction
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vere punched oanto computer cards, omne card for each month
- for each station. For the zonal years from 1939 to 1949,
all circulation, temperature, and moisture values were
entered. From December, 1949 through February, 1955, only
tenmperature was included, as these years were only used in
some of the homogeneity tests. Using the same format uti-
lized in the zonal period, all variables were eatered for
the meridional months extending from December, 1§55 througkh

Pebruary, 196S.

Bnhanced Original Climatic Data

Inevitably, the use of published climatic data led
to the problems of gaps in the data. Shou;d a station be
eliminated if some element was not recorded for a month, or
even if some element was consistently missing for saveral
years? Within some predetermined limits, the aaswer was no.
The tradeoff here was in losing the spatial extent of the
petwork to maintain data guaiity. If a station was elimi-
nated for having any missiag values, the taticn network
would literally te reduced to zero. A comprorise was obvi-
ously necessary. If a station missed more than two complete
morths of data, or if no reasonable estimate could be made
of the missing values, the station in gquestion was elimi-
nated.

The estimation of +he missing values could be

achieved using a variety of multivariate statistical techni-
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ques. Those that could be utilized were restricted to
stations included in the study to provide independen:t varia-
bles for predicting missing values. Within the time range
of this study, the number of recording stations in the cot-
erminous United States increased forty-one per cent, froml
one hundred ninety-two in December, 1939 to two hundred sev-
enty-one in February, 1965. The number of nearby stations
from which an estimation could be based increased with time.
By examining the relationship of a station with a missing
element with other nearby stations during months when data
were recorded, a reasonable estimate cculd be interpolatad.
In the zonal period, thirty months of data were recorded for
the one hundred fifty-ome statioms. With seven original
variables, a total of 31,710 mwmeasurements were reguired to
complete the set. In all, two hundred fifty-three values
vere missing (mostly relative hunidity and wind directiorn).
This required that 0.8 per cent of the tctal number of vari-
ables were estimated rather than actual published data, In
the transitional period where only temperature vwas required
for eighteen months, none of the 2,718 data values wvere
missing. Interestingly, the guality of the data generally
decreased with tinme. Exactly 31,710 meri&ional data vaiues
were required, the same aumber needed in the 2zonal set.
However, 1,081 values, mostly relative humidity, wind speed,
and wind direction measurements, wers2 missing, Trepresenting
3.4 per cent of the total needed. In all, 66,1338 values
vere needed for a complete original data set; 1,334 of these
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were interpoclated values, comprising 2.0 per cent of the
total. This value was deemed sufficiently low for the pur-
poses of this investigation. .

Creation of the enhanced original data set went
beyond £illing in missing gags. Two elements, barometric
pressure and wind direction, were recorded in different
units through the time period used in this study. 2ll baro-
metric pressures recorded in inches were converted into mil-

libars using the conversion formunla:
P (ab) = 33.864P{in)

Only the four significant digits that resulted were racorded
into the enhanced data set.

All but one year of the zonal reriod?s wind direc-
tions were classified into eight compass points and the mer-
idional period's directions were split Letween sixtaan and
thirty-six poiants. Andrews et al. (1973) stated that 1it-
tle precision was lost by categorizing a variable into as
few 2s five subclasses; therefore, all wind direction data
vere reduced to eight @majcr compass points, Probisms devel-
oped as values such as NNE, ENE, ES2, . + =« , NNW fell
directly on the borders created by dividing the nmeasurements
into eight major compass points. The wind direction values
in these cases were assigned, randomly, to one of the bor-
dering coapass directioas. Some exactness was lost by
reducing the wind dirsction data, tut uniformity was
achieved across the tize span of the study.
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Seasonal Climatic Data

Several tests in this study required data at the
season time scale rather than by individual months. For
barometric pressure, temperature, relative humidity, precip-
itation, precipitation days, and average ¥ind speed, this
calculation was relatively simple. Taking into account that
Decenmkter and January have thirty-cne days and February nor-
mally has twenty-eight days, the €£oliowing formula was

applied to weight the monthly values according to days in

the month:
V{S) = (31/90)V{D) + (31/90)V(J) + (28/90)V(F)

vhere V(S) was the created seasonal value, V{(D), V{J), and
V (F) were the monthly values for December, January, and Feb-
ruary, and the coefficients 31/90 and 28,90 werz used as the
veights.

Measurements containing a wird direction value
proved more difficult and complex to hardle, In that the
scale used to measure direction was circular rather thar
linear, —trrcblems using normal averaging procedures devel-
oped. For example, a wind direction of 359 degrees and one
of 1 degree obviously should not average to 180 degrees.
Hence, vector representations of wind were used.

To calculate a seasonal wind direction value, the
equations suggested by Panofisky and Brier (1958) were used.
The east-west, R(x), ccmnponent and the nortk-south, R({y)
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components were calculated as:

R {x)

[WS-ES+.707 (SWS+N¥S)~.707 (SES+NES) I/¥

R(y) = [SS-NS+.707 (SWS+SES)~-.707 (NES+NWS) I/N

where NS was the weighted sum of all wind speeds with wind
with wind direction north, X¥ES was the weighted sum for the
northeast winds, . . . , and NWS was the weighted sum of all
wind speeds with wind direction northwest, and N was the
total number of observations, in this case, three for each

season. The resultant wind direction, WL (R) was calculated:
WD(R) = Arctan (R (x)/R(¥))

resulting in a real value for resultant wind direction for
each season in the two study periods. The values vwere
recorded according to these calculaticns, and vere also
reduced to eight compass points and recocrdeqd.

Measures of the northeily and westerly components of
the wind, W {¥) and ka), vere computed using formulas sug-

gested by Coffin (1964):

W{¥) = vCos(WD(R))

W(¥) = -vSin (WD(R))

where v was the average wind velocity, azd WD(R) was the
resultant wind direction. Another wind spesd measure, the
resultant wind speed, ¥as also included. This speed was
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dependent not only on the mean wind velccities, but also on
the persistence of the wind. Resultant vwind speed was cal-

culated as:

w@s) =\RG)2 + R(y)2

The actual persistence of the wiad, PER, was calculated from

the resultant wind speed measure as:
PER = W(RS)/W(AVE)

vhere W(AVE) vas the average wind speed for a s=ason. The
value of wind persistence ranges from 0.0 indicating an
absense of persistence to 1.0 indicating total persisternce,
or an absolutely constant wind direction for the thrae
nmonths of the season.

In sum, the seasonal climatic data set included
averages, all weighted by the days in each month, £for baro-
metric pressure, temperature, relative humidity, precipita-
tion, precipitation days, and wind speed. More elaborate
calculations produced an average wind direction, noztkerliy
and wvesterly components of the wind, resultant wind speed,
and seasonal wind persistence. The temn zonal years and ten
meridional years had a full coaplement of data, the six
transitional years contained only seascnal temperature val-

yes.
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Clipatic Changs Matrix

To display climatic flactuation between the two time
periods of different circulation, a climatic change matrix
was produced. Within this matrix, all elements included in
the study were assigned a standardized value indicating the
relative amount of change, or adjustment, that took place in
conjunction with a change in the general circulation. For
most of the elements, calculation of the value was rela-
tively simple, for others, the calculaticn was somewkat more
complex.

Yeates (1974) showed that a standardized value rep-
resenting the difference between sample means can be accon-

plished by:

£ = [XCD-X(2)T7 Ns@O2/m0n) + s(2)2/1(2)

where X(8) and ZX(Z) represeated the meridional and zonal
arithmetic means of some climatic element, S(Y) and S(2)
wvere the standard deviations for the sample, and N([M) and
¥(2) were the number of years represented in the sample.
The S{¥) and S{2) values were the square roots of *the vari-

ance v calculated as:

2

v = [IX° - (EX)2/N]/'(N-1)

where the ZX2 was the sum of the X sqguarss, IX was the sum
of the x terms {(the values of the climatic elements), and N
was the numbter of years in the sample.

Por the following climatic elements, barometric
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pressure, temperature, relative hﬁmidity, total
precipitation, and precipitation days, these calculations
were carried out with ten éonal years and ten meridional
years. A t-value for each element was derived and entered
into the matrix,

Only nine meridiomal years could be used in the cal-
culation of change in the wind measurements, for average
wind speed was not recorded in the last season of the meri-
dional period. Hence, for average wind speed, northerly and
vesterly components of wind, and for the resultant Qind
speed, ten zonal years were compared to the first nirne ameri-
dional years to yield a t-score.

TWwo measures in tne change ian wind persistence were
included in the change.matrix. For each year in the studj,
except for +the last neridiomnal year, a wind persistence
value was calculated as described in the seasopnal data sec-
+ion. It @as based on the wind speeds and wipd directions
for each montkh for each season. This persistence value
based on yearly values £it easily into the t-score calcula-
ticns, and by comparing the ten 2zonal years to nine meri-
dional years, a staandardized change ir winter wind persist-
ence was determined. 2 second wind persistence value wvas
also included, not based on yearly persistence, but upon
persistence of wind through time for each of the calerdar
months. FPor example, £for the zonal period, a persistence
value vwas calculated <for winds in all Decembers, then
another for all January months, and thea for all February
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months. An average persistence, welghted by days in the
month, was calculated. The same procedures were carried out
for the meridional months. Since these values by definition
fell between 0.0 and 1.0, and as these values were not ixn
the form to be entered into the t-score formulas, a change
in monthly persistence was computed by subtracting the zonal
value from the meridioral value. The results were of the
same magnitude as all other values in the change matrix.

The climate change matrix therefore contained one
hundred fifty-one rows, one for each station, and =2leven
columns containing the values which indicated, 1in standard-
ized units, the amount of change that cccurred between the

zonal aand meridional periods.

Zonal and Meridional Climatic ¥eans

A final data set was reguired to tast the hypothesis
that climatic regions significantly changed shape between
the two periods. To develop climatic regions representing
conditions in either <the zZoral of meridicnal period, cli-
matic means for each period were determired. Onrly tempera-
ture and precipitation values were used as they represented
the core variables used in most climatic classification sys-
tems. Keeping the parameters upon which these regions were
based simple and comparable to other more commonly used
classifications was desirable.

For each statioa, two groups c¢f variables formed

this data set. For the 2zomnal period, av=2rage temperature
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and precipitation values were calculated for each month,
December, Jamnuary, and February, £from the ten years from

1939 to 1949. The same variables, temperature and precipi-
tation, for each month were also computed for the meridional

years, aad all results were recorded in this data set.
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CHAPTER IV

SPATIAL PATTERNS IN CHANGES

OF CLIMATIC ELEMENTS

Results and Analyses of Homogeneity Tests

The Mann-Kendall Ramk Statistic (T) was calculated
for each station using twc variables, temperature aand baro-
metric pressure. The test was first utilized tc demcnstrate
that the data for each station were regionally homogeneous
in both the zonal and meridional periods. In that the ternm
"regionally homogenecus"™ may have several interpretatiorns,
each station was compared to its nearest-neighbor, its two
nearest-neighbors, and to its three nearest-neighbors. At
each of these levels of spatial ccmpariscn, the C.01 confi-
dence level was used to test the significance of any differ-
ential trends that occurred in the data. Since one hundred
fifty-one stations were testad, it became likely that one or
two stations may have been incorrectly categorized as having
a differential trend due eatirely +to the confidence level

selected.



In the zonal group, using temperature as the test
variable, the one nearest-neighbor test scheme produced two
stations failing the test - Indianapolis, Indiana, and Day-
ton, Ohio. When two nearest-neighbors were used to produce
the regional standard, no stations displayed differential
trends. Juaping to three nearest-neighbors prcduced tweo
stations with apparent differential trends -~ Richmond, Vir-
ginia, and Cincinnati, Ohio.

Using pressure as the test variable produced differ-
ent results. Nineteen stations scattered across the United
States failed the test when only one nearest-neighbor was
used for a comparison. Six stations, including Raleigh,
North Carolina, Columbus, Onio, Marquette, Hichigan, Willi-
ston, North Dakota, St. Joseph, Missouri, and Presnc, Cali-
fornia, shoved signs of a differential trend vhen two near-
est-neighbors were used. dowever, no stations failed the
homogeneity test when three nearest-neighbors were used to
calculate the regional trend. These results showed that
pressure was generally a more sensitive climatic variable to
use in this test. It was concluded that all recorded data
for the zonal period were regionally homogereous as no sta-
tion failed the test when both temperature and pressure val-
ues were us2d in the calculations, and as no statioms in
either case failed at more than one of the calculaticn lev-
els.

Within the @meridional period, the tests were even
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more conclusive in determining the adegquacy of the data. No
stations failed the tests when one, two, or three nearest-
neighbors were used to produce the temperature norm. Only
Sheridan, Wyoming, failed using pressure and one nearest-
aneighbor, and only Helena, Moantana, failed when two nearest-
neighbors were utilized in +the computations. With three
nearest-neighbors used +to represent the regional pressure
norms, no station displayed a significant differential
tread. In light of these findings, it was coancluded that
all stations recorded regionally homogenecus data throughout
the meridional period.

The results for the entire twenty-six year period
shovwed more stations failing the tests. These findings were
expected as the equations used became overly seunsitive as
the number of years increased, Temperature data were used,
and with Jjust one nearest-neighbor, eighteen stations failed
the test, with two nearest-neighbors, twelve failed. Sur-~-
prisingly, when three nearest-neighbors were used, sixteen
of the stations appeared to fail the test at the 0.01 corfi-
dence level. Even when the confidence level was stiffened
so that the probability of a station failing by chance vas
one hundred fifty-two to one, seven statioas cortinued to
fail the test. However, the conclusica based on the homo-
geneity tests was that all data for the stations were
regionally homogeneous within thie zonal and meridional peri-

ods. The test becanme é&tremely sensitive as the number of
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years increasede. An examination of the results showed that
no station failed the twenty-six year test and either of the
ten year tests.  Therefore, all one hundred fifty-one sta-
tions vwere used in the analyses. All stations were the
first-order type where maximum care was presumably used to
preserve homogeneity of the records through time. Also,
various filtering techniques were used to dampen the effect
of any real differential that may have occurred. Results
from this section also cast some doubt on the usefulness of
the Mann-Kendall Rank Statistic in 1its use for testing

longer time periods of data.

Results and Analyses of Discriminant Tests

Discriminant analyses were used to deterﬁine if sig-
nificant climatic differences existed bLetween the zonal and
meridional time periods. If they did exist, discriainant
functions capable of reclassifying the years into the cor-
rect group could be deterained. The discriminant functioas
should be statistically significasnt, and the number of
incorractly classified years should be at a minimun. Some
current data <from the extremely meridional winter of
1976-1977 were applied to <the discriminant functions. The
resuits provided an index for each station which may be
plo;ted along a zonal-meridional continuum. This procedure
demonstrated the usefulness cf the equations 1in situations

beyond the time limits of the study pericds.



Por each station, the years were grouped sc that ten
zZonal years vere compared to nine meridiomal years. The
time periods were not equal due to insufficient wind data
for the final gmeridional year. A stepwisé discriminant
model was uséd, one run through the mcdel for each station
in the study.

Pigure 5 displays accuracy results from the one hun-
dred fifty-one stations. In eigthy-£five cases, representing
fifty-six per cent of all stations, the discriminant func-
tions were able to reclassify every year correctly, that is,
each zonal year was classified 2zonal by the functions and
each meridicnal year was classified meridional. In thirty-
three cases, only one year was misclassified; hence, seven-
ty-eight per cent of the discriminant functions reclassied
all but one year or less correctly. Nineteen discrimirarnt
functions failed +to correctly classify exactly two years,
eight functions aisclassified three test years, five sta-
tions displayed four incorrectly classified years, and one
station, Atlanta, Georgia, had five misclassified years. An
examination of Pigure S5 did not immediately produce any dis-
tinctive spatial patterns in the data. The models appeared
to work well in the northern plains, and possibly the poor-
est in the lower Mississippi plain.

Continuing with the notiom that a distinctive spa-
tial patterns existed in the results, a trend-surface map of

the number of misclassified years was generated and dis-
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Figure 6:




played in Figure 6. This sixth-order tremd fitting had a
correlation coefficient of 0.44 with the original surface,
and therefore explained only nin2teen per cent of the total
variation displayed in Figure 5. However, it did uncover
the underlying patterns in the data. The iritial interpre-
tations of Figqure S were confirm=d, the upper plains showed
a distinctive pocket where the model separated the zonal
from meridional years exceedingly well. Throughout most of
the Oni+ed States, the models did an acceptable job 1in
reclassifying the years., However, two major pockets existed
where the mcdels worked poorly; the northwestern ccrner of
the United States and a 1large region in the south-central
United States appeared to be regiomns where models misclassi-
fied the greatest number of years. However, the findings
suggested that a change from one circulation type to another
may be 1less consistently proncunced over the rorthwestarn
and south-central sections of the United States. The models
did not appear to work exceedingly well in the scuthwest
Texas region, or along the Atlantic seabcard from the Boston
area southward through Washiagtea. From analysis cf these
discrimipant functions, it appeared that across the United
States, the zonal or neridional years could be discriminated
based on surface climatic data with accuracy. In all, func-
tions for seventy-eight per cent of the stations could dis-
criminate all but one year, or better, for the selected time

periocd. Some evidence suggested that a few regions in the
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United States generally displayed a higher number of
misclassified years, iaplying that in these —regions, the
impact of circulatior changes may be less persistent than in
other areas. During either period of predominant circula-
tion, some years for several regions, includihg the north-
vestern and south central sections, appeared to produce sur-
face conditions more like those of the other flow type. For
example, some zonal years may have produced a flow that was
very similar to that of the meridional period for the North-
wvest, The same type of onshore flow could be produced by
either circulation type.  The same could be extended to any
region where the models worked poorly. Eowever, for most of
the Onited States, the surface climates appeared to substan-
tially change in association with a shift ir the general
circulation.

Each model was also tested for statistical signifi-
cance using the P-ratioc calculated £fc¢r each discriminant
function. The results are displayed on a proximal map in
Pigure 7. One hundred thirty-six stations (nirety per cent)
were shown to have discriminant functions that were signifi-
cant at the 0.05 confidence level. Generally the nodels
vere statistically significaat at tke 0.01 and 0.05 confi-
dence levels, with one hundred eighteen (seventy-eight per
cent) stations from across the United States falling into
this group. In all, one hundred thirty-six of the stations

had discrisinant functioans that were significarnt at tha 0.05
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confidence level, and they represented a contiguous pattern
broken only iz a few isclated areas. It was concluded that
the models not only worked with accuracy, but that they were
also statistically significant for an overwhelming number of
stations. .

The stepwise discriminant model was used in the cal-
culations, hence, the first variable picked from the array
represented the one that discriminated most efficiently.
Once identified, the variable was categorized into the three
major- components of the atmosphere: circulation, heat
energy, and moisture. Circulation variables included baro-
metric pressure and all wind measures, heat energy incladed
temperature, and moisture included relative humidity and
both precipitation variables. A map of the most discrimi-
nating variable was then produced using the three categories
{see Figure 8). Two compoaents, circulatiorn and moisture,
clearly dominated the pattern. Sixty-five stations (forty-
three per cent) showed circuiation variables to be the best
discriminators, and eighty-four staticas ({fifty-six per
cent) had moisture variables as the best discriminators. In
only two casss did temperature emerge as the most discripmi-
nating element. Table 1 displays the results for sach vari-
able in these analyses. It may be argued that circulation
and moisture categories include mnmore different variakbles
than the heat energy category, creating a better chance for

circulation and moisture to ke selected, but the findings
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Table 1
Frequeuncy of Occurrence as Most

Discriminating Variable

tmospheric Climatic

Component Element Frequency

Circulation Pressure 7
Wind Speed 39
Northerly Wind Component 9
Westerly ®ind Compcanent 10

Heat Energy Temperatura 2

Moisture Relative Humidity 80
Precipitatien 2
Precipitation Days 2

hera strongly suggested that temperature was not as
significantly gffected by <circulation change as the wind
related variables and the moisture comgcpnents of the atmos-
phere., Although temperature may be affected by circulation
changes, wind and moisture variables appeared to change more
significantly in a statistical sanse.

Moisture related variables appeared to change more
frequently than others across wmany parts of the United
States, particularly in the central region. This was an
area ahead of the upper level ridge over the Rockies where
subsidence 1nhibited precipitation formation. The northern
High Plains of Montana also showed a anumber of stations with
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moisture as the most discriminating variable, The region
was located along the storm track only during the meridional
period, increasing the precipitation levels. The many
erratics in the pattern could be explained using similar
reasoning, or the <represent cases where other elements
remaired relatively constant, and small changes in moisture
components became the most significant changes.

The pattern of circulation variables as best discrin-
inators was like the moisture pattern in that large homoge-
neous regions rarely developed. However, the following gen-
eralizations were made. Circulatior variables appeared to
be the best discriminators along the Pacific coast where
pressures increased as the western ridge developed 1in the
meridional rpericd. Higher pressures and lower wind speeds
could be used to explain the large region in the eastern
Rockies and western Plains. The pattern aloang the Gulf and
southern Atlantic coast wWas caused Dy increased wind speeds
associated with the southern extension of cyclonic storm
tracks. duch of the patterﬁ in the Northeast could be
explained by decreases in pressure as an increased number of
cyclonic storms passed through the regicn in the meridional
time periog.

One of the interesting tests for the usefulness of
the discriminant functions was one where current data were
applied to the models, and the selected year was classified

as zonal or meridional at each station. If the type of cir-
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culation pattern for the test year was wuwell-known, and if
the discriminant models correctly classified the year, the
functions may then be shown to have usefulness beyond the
time boundaries of the study period. Results from the mod-
els may be used to generate indices of zopnality or meridion-
'ality based on surface climatic data. These may in turn be
used to reinforce evidence of future or past climatic fluc-
tuations, and may provide a new index of atmospheric circu-
lation.

The winter of 1976-1977 was one marked by intense
meridional flcw. Throughouot that winter, a strong persist-
ent high pressure ridge was aachored over the Rockies, and a
deep low pressure trough in the upper atmosphere persisted
over most of the northeastern United States. This situation
was associated with one of the most severs winters in his-
tory for many northeastera stationms, and yet conditions
remained relatively mild throughout the western half of tie
United States (see Taubensee, 1977; Wagner, 1977; ard Dick-
son, 1977). The irpact of this situation was overwhelming
{see Magnuson, 1977 and Donovan, 1977) and it stimulated a
great deal of interest in climatic change research. Iz
short, the winter of 1976-1977 +was characterized by an
excellent example of intense meridional flow which persisted
throughout meost of the vwinter,

Monthly climatological data for this winter was

found in Climatological Data: Natiomal Summary. It appeared
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in metric units, uanlike the previously published data, and
only resultant vind speeds were given in place of average
wind velocities. The metric units could easily be converted
into English units that were used throughout the study, but
Bissing wind velocities proved to be a handicap. The dis-
crimipant functions vwere all «calculated with average wind
velocity as a component; therefore, only those stepwise dis-
criminant models not including wind elements were used to
test the 1976-1977 data. This left cnly twenty stations
(see Figure 9) for further testing, as the other one hundred
thirty-one stations required the use of average wind veloc-
ity in their discriminant functions.

The appropriate data were entered into modified dis-
criminant functions for each of the twenty stations. The
actual functions and the data entered are listed in Appendix
III. In all cases except Williston, Ncrth Dakota, the mod-
els accurately classified <the winter of 1976-1977 as meri-
dional.

The Williston anomaly could be explained in terms of
one of the two variables used in the discriminant function,
ralative humidity. Data to be presented in later sa2ctions
saowed williston to be in a location where relative humidity
values decreased {from 78.9% to 69.0%) as the circulation
system shifted to a meridional pattern. Higher than normal
values fpr relative bhumidity forced the discrizinant func-

tion to classify the winter as zonal. The 1976-1977 winter
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® Climatological Station
Identification Numbers
are Station Codes

Figure 9: Distribution of Selected Stations
Used to Test Discriminant Function
With Current Data




¥as extremely cold in ¥illiston, averaging -10.5 degrees,
vhich was over twenty degrees cooler that the combined zon-
al-meridional average of 14.5 degrees. Even if moisture in
the atmosphere was slightly 1less than normal during this
winter (actually, precipitation was above normal), the
extremely cold temperatures would force the relative humidi-
ties higher, for the amount of moisture the atmosphere could
potentially hold would be very 1low. The relative humidity
value for the 1976-1977 winter was 78.3%, accounting for the
incorrect zonal classification. TLis type of problem points
to the need to increase the number and type of variables in
use, Only then could this techaique of developing surface
indices of circulation be perfected.

In thirteeﬁ sample cases, the models calculated a
very strong meridional valu=2, clearly to the positive side
of the meridional average value (see Figure 10). Although
the values in use in these models were at the monthly time
scale, and as the results produced onply a rough estimate of
a zopal-meridional index, the £f£indings suggested that aore
precise values, perhaps weekly means, cculd be used to gen-
erate accurate indices of =zonality or meridionaliity based
upon the impact on surface conditioms. These values could
be used 1irn conjunction with indices of zonality £foTr upper
air flow to determine more exact process-response models
{(Terjung, 1976), 1identifying a link between upper air and

surface chkarnges. If a stroany correlations existed tetween
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the upper level and surface indices, accurate mnmeasures of
zonality or meridionality for the apper air flow may be cal-
culated from early surface climatic data. Although this was
not the focus of this stady, it does seem to be a good base
for future research.

The results from the discriaminant analyses 1lad to
several conclusions, It appeared that throughout the United
States, significant discriminant fuacticns could be gener-
ated capable of accurately discriminating winter seasorns
into zonal or meridional circulaticn tyres based on surface
climatic data. These findings suggested that changes in the
upper level circulation did have significant inmpacts on the
surface climatic ragiaes. By =2=xamining the most discrimi-
nating variable in each model, moisture and surface circula-
tion variables appeared to be affected most significantly.
In only two cases did some other variatle arise as the bast
discriminator. Circulation changes in the upper atmosphere
appeared to have greatest impact on nmcisture and surface
circulation, not on temperature. This suggested that mois-
ture and circulation records should be more <closely moni-
tored in determining future and past climatic fluctuations.
Some current data from the aeridional 1976-1977 winter were
applied to the models, and findings suggested that indices
of zopality and meridionality could be calculated from sur-
face data for any year that appropriate data were availa-

ble.



Results and 2Analyses of the Climatic Change Matrix

Por eleven climatic elements, values were calculated
indicating the amount of change between the zonal and meri-
dional periods. This unit reports the results in two sec;
tions; first, the results from the change matrix were gener-
alized for each element, and second, spatial patterns in the
results were analyzed. Special attenticn was given to temp-
erature to produce examples of various interpretations froam

the data.

General Trends in the Climatic Change Matrix

An examination of the t-scores for each station for
temperature showed an overwhelminé number of negative val-
ues; only sixteen stations, or elever per cent of the total
anumber, were represanted by positve t-score values, indicat-
ing an increase in temperature from the zonal to meridional
period. In that ten years from both pericds were used,
yielding eighteen degrees of freedom, the absolute valus of
t-scores must exceed 2.10 to be significant at the 0.05 con-
fidence level and 2.88 at the 0.01 confidence level, No
station showed a significant increase at either level, how-
ever fifteen stations displayed a significant dJecrease at
the 0,05 level and foﬁr significantly decreased at the 0.07
level. Although most stations did not show a statistically

significant decline in temperature, many were approaching
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significance, and must be interpreted as a real decrease in
temperature. The primary use of the t-scores was not %o
determine statistical significance, but to yield standard-
ized units of change in a variety of climatic elements.
Generally speaking, then, average nmonthly temperatures for
the United States apéeared to decrease as the circulation
shifted from a zonal to a maridional pattern. This seens in
line with the <£indings of others (Kalnicky, 1974; Dzerd-
zeevskii, 1969; and Lamb, 1966) who shcwed meridional pat-
terns to be associated with cooler temperatures across the
United States.

Some distinctive patterns were also found in the
changes in the moisture variables. The t-values calculated
for total precipitation showed a divided pattern for the
stations; seventy-nine stations (fifty-two per cent) indi-
cated an increase in precipitation amounts, and saventy-two
stations showed a decrease in precipitatior. Nine of the
stations showed a significant dacrease and two displaved a
significant increase in precipitation anmocunts (significance
at the 0.05 confidence level was used from this point on in
this sectiocn).

The general pattern for precipitation days was much
the same as for total precipitationm, with a2 £fairly esven
split in the sign of the t-values, ‘Seventy-one stations
(forty-seven per cent) increased in the number of precipita-

tion days and the remaining eighty stations showed a
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decrease in the number of precipitation 4days. Four stations
displayed a significant increase, and only one showed a sig-
nificant decrease.

Interestingly, the +t-scores fcor relative humidity
vere unlike those of total precipitation and precipitation
da&s. Relative humidity increased ip only fifteen station
(ten per cent), yet in four of these cases, the change was
significant. The remaining one hundred thirty-six stations
all displayed a decrease in relative humidity, and of these,
one hundred three stations were marked by a significant
decrease in this moisture measurement. Therefore, generally
across the United States, relative numidity values showed a
sharp decline moving £from the zonal to the  meridional
period, implying that less moisture was present in the
atmosphere in the meridional period. If temperature had
decreased and moisture amouat had stayed constant, relative
humidity would have increased as it is the ratio between the
vater vapor in the air and the amount cf water vapor that
the parcel canr hold. Decreases in temperature 1lcwer the
amount of water that a parcel can hold, which in turn lowers
the denominator of the ratio, increasing the relative humid-
ity value. The apparent decrease in beth temperature and
relative humidity strongly suggested that less moisture vas
available in the meridionai period., Yet, the total precipi-
tation amounts did not show the marked decrease that was

expected, suggesting +that the precipitatiom <forming proc-
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esses wvwere nore efficient during the meridicnal pericd.

These findings may be explained by the changes in the
configuration of the wind flow 1in +the upper atmosphere.
During the zonal period, the flow moved relatively straight,
west to east, across the United States, without forming dis-
tinctive troughs and ridges. However, during the meridional
periog, the ridges and troughs became more predominant.
Ahead of the troughs in the upper atmosphere, air currents
were diverging, supporting vertical mctioans in the atmos-
phere which produce precipitation. This greater upper leval
support for precipitation during the meridional periocd pro-
vided the key in explaining the appareanat situation of 1less
moisture in the atmosphere without smalier precipitatior
totals.

Some of the findings in the circulation group of
variables supported this explanation. Examination of the
pressure values ip the change wmatrix shcwed that sixty-five
stations (forty-three per ceant) either increased or remained
unchanged, while eighty-six stations showed a decrease in
the pressure values. Eight of these stations displayed sig-
nificant increases, three show significant decreases.

Aind velocity t-scores suggested that, in general,
wind speeds at the surface tended to increase as the circu-
lation system moved into a meridional pattern. One hundred
stations (sixty-six per cent) displayed an increase in wind

speed, withk forty-sever significantly increasing at the C.05
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confidence 1level (only seventeen degrees of freedom were
associated with the wird measurements as only rine meri-
dional years were represented). Many of these t-values were.
larger than any others ccmputed for any variable. Four sta-
tions, including Dubugque, Iowa, Columbia, Missouri, Topeka,
Kansas, and Oklahoma City, Oklahoma, had t-scores greater
than ten. Yet, of the fifty-one statioas reporting a
decrease in wind speed, nineteen values vwere statistically
significant, These £findings suggested that surface wiad
velocities were greatly affected by circulation type, and
generally, wind speeds tended to be higher in the meridional
period. Many exceptions to +his generalization vere pres-
ent.

Values for the resultant wind sgeeds were somewhat
different than the average wipd speeds. Surprisingly, sev-
enty-seven stations (fifty-one per cent) showed a decline in
the resultant wind speeds from the zomal to the ameridicnal
period. O0f those, +thirteen showed a significant decreas=.
Seventy-four stations displayed an increase, with fifteen
significant values. The increase in the average wind veloc-
ities coupled without an apparent ' increase in the resultant
wind speed could be explainad by the directional components
of the surface winds expected with different circulation
types. During the zonal period, the —relatively straight
pattern, west to east, in the westerlies should give risz to

more parsistent winds at the surface. In the meridional
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period, the wind directions were, presumably, less
persisteat. The average wind speeds in the zomnal period may
have been less than ir the meridicnal years, but the higher
persistence of the wind in the earlier period may nave
accounted for the relatively highv resultant wind speed val-
ues.

The actual values caiculated for vind persistence
reinforced this explanatica. Values for wind persistence by
years tended to be negative, indicating less persistence in
the meridional period. . A total of ninety-one statioans
{sixty per cent) had t-scores which indicated a drop in wind
persistence, seventeen had significant decreases. Orly four
of the sixty stations with positive values had significant
t-scores.

Similar results vwere found whern persistence values
vere <calculated for each of the three calendar moaths.
Eighty-eight stations (fifty-eight ger <cent) showed
decreased persistence levels, by months; sixty-three showad
an increased level of wind persistence. No measure of sta-
tistical significance was indicated as these values were
computed by subtracting the average persistence value of the
zonal period frcom that of the @meridicrel period. These
findings generally verified the notion that wind persistence
levels should decrease as the circulaticn of the atmosphere
shifted from a zonal to a meridiomal pattern. These find-

ings also help to explain the overall increase in wind speed
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without a similar increase in the resultant wind speeds.

In analyzing the t-scores for the northerly and wes-
terly components of the wind, the equations that produced
these components aust be considered. An increase 1in the
average wind speed would increase the absolute value of
these nmeasures if the wind directions remained coastant.
Yet. eighty-two stations (fifty-four per cent) displayed 2
decrease in the northerly component of the wind, with fif-
teen of these values found +to be significant. Pcurteen of
the sixty-nine stations with increased northerly components
were significant.

The t-scores for ihe Westerly ccaponent of the wind
were somewhat surprising. Only sixty-seven stations (forty-
four per cent) reported decreases in the westerly component
of the wind, with +thirteen significant values. Of the
eigaoty-four staticns having an incre2ase in the vesterly conm-
ponent, twenty-three showed statistical siganificance. Ini-
tially, a decrease in tha westerly wind compcnent was
expectad. dowever, the general increase ir wind speed with
moderate changes 1in wind direction 1led to the gesneral

increase ir the westerly wind component.

Spatial Patterns in the Climatic Chaange Matrix
Having examined the gemeral trends in the data, 2
second set of interesting results came from the analysis of

the spatial +trends in the data. In the way of exanmple,
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temperature change values were used to displayed a variety
of wayé results could be presented and interpretated; prip-
ciple-components factors were then used to condense the cli-
matic change wmatrix and the resulting factor scores were
mapped. This technique had the advantage of avoidirg unnec-
essary overlar in the preseatation of the results.,

Using the SYMAP package produced at Harvard Univer-
sity in 1969 {Dougenik and Sheehan, 1975), a variety of
options were available for displaying spatial patteras that
were assumed +to be continuous through space. One of the
most widely used methods is th2 constructior of isopletkh
maps where the data values are entered at specific x and y
coordinates, and interpolation is carried out to derive data
values at all x and y ©points within the map bouadaries.
Figure 11 is one of these simple isopleth maps based on
changes in temperature. Interpretation of the pattern was
difficult due to the amount of "noise™ in the pattern. To
uncover and identify the true "signal"™, a trand-surfacs fit-
ting was applied to the data.

The first map in this saries of trend fittings is
presented in Pigure 12. The map represented a first-order,
lirear fit to the temperature change surface. The equation

for the fitting was givea by:
a2 = ’0.“6 - 0.091 + OOOQY
vhere Z was the calculated temperature change vaiue based on
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the X and Y position of each station. The coefficient of
correlation of this fitting was 0.32; squaring this tern
yielded 0.10 as the coefficient ¢f determination. These
values may be interpreted as ten per cant of the total vari-
ation of the original temperature change surface that was
explained by the first-order fitting. However low this
value may ﬁave been, it still preoduced a surface displaying
the underlying structure existing in the spatial patterms in
the data. Figure 12 clearly showed that 1in a relative
sense, the temperature change values in the West were
greater than those in the East, indicating a decrease of
temperatures ir the East, a relative temperature increase
existed in the West.

Figure 13 displays a third-order fitting of the sane
data. The eguation used to calculate the temperature change

values was givenm by:

?
Z = =0.54 + 0.53X = 0.40Y — 0.16X> — 0.01XY + 0.16Y°

+ 0.01X3 - 0.01X% + 0.01X%¥% - 0.02Y°

wvhere Z vas again the approximated temperature change value,
X and Y were the coordinates of the stations. The resulting
surface bhad a correlatior of 0.55 with the original surface,
and therefore exglained thirty-ons per cent of the total
variance of that surface. The map displayed in Figure 13
showed the samea general pattern sesen on Figures 11 and 12,

with highest values, indicating a relative increase in temp-
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erature, having occurred in the Western states, and lowest
values determined in the East. More detail was displayed on
the third-order map as more of the "signal" was uncovered.
The southern Great Lakes region was a distinct "valley®
indicating maximum decrease in temperaturs in that region.
The northern California and Oregon coasts showed a decrease
in temperature that did not show up with the linear fittimg.
Most of New England north of New York appeared to be a
region of relative temperaturé increase; a pattern also not
found in the first-order map.

A sixth-order fitting is displayed in Figure 14. The
eguation needed to produce this surface was sipilar in form
to those presented for the other two trend-surface maps, but
this equation had tventy-eight termas and is pot presented
here. The surface formed by the equaticn had a correlation
coefficient of 0.70 with the original surface, and sxplaired
forty-nine per cent of the total variaticn. The Rocky Moun-
tain states vwere dominated by a teméerature increase, nost
of the eastern half of the United States displayed a decline
in temperature. Once again, the Great Lakes region showed a
distinct pocket of temperature decline, representing the
lowest t-valaes 1n the country. A second area of increased
temperatures fell along the United States - M¥exican border,
another in the New England area was cbkserved. Kalnicky
(1974) reported that a semi-permanent ugrper level ridge over

the Rockies existed during <the meridicmnal period allowing
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for advection of warmer tropical air masses into the western
states. A semi-permanent upper level trough in the eastern
half of the continent allowed a greater £frequency c¢f polar
air masses to penetrate the Bast, accounting for the drop in
monthly temperatures. The relatively high values in New
BEngland indicated that the trough was positioned vwell
behind, or west, of the region, allowing greater fregquencies
of mT air tc have penetrated during the meridional pericd.
Cbviously, maps for all eleven variables could be
presented from the climatic change matrix, and =ach could be
discussed separately (see Appendix IV for presentation of
these maps). A principle-components factor analysis was
used to condense the matrix, as significant interrelation-
shiés existed between many of the variables in the climatic
change matrix {see Table 2). Five orthogonal factors prod-
uced eigenvalues greater thaa one, and these £ive factors
accounted for seventy-one per cent £ the total variance in
the original change matrix. The factors wers orthogonally
rotated ia such a way as to pass through correlatiorn clus-
ters in n-space, allowing for more precise interpretation of
the factors. . The loadings for =ach variabls on each £factor
{see Table 3) displayed the correlation ketween the variabie
and the factor. Factor scores for each station were calcu-
lated from each eigenvectocr, and the results were mapged.
Factor 1 accounted for twenty-three per cent of the

total variance in the change =2atrix apd was clearly domi-
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Table 2
Correlation Matrix of Variables in the

Climatic Chaage Matrix

Psr 1.00 '10 012 -007 -018 e 08 001 .OT 008 .1“ 010

Temp 1-00 003 006 "019 -025 .01 ".09 "009 .01 .01
Hum 1.00 Qos 003 010 -007 008 005 -003 -.06
Prec 1.00 .54 -.11 .01 .07 -.08 —-.15 =-.13
Prec D 1.00 .01 =-.02 .09 =-.02 -.12 -.22
Wind S 1.06 .18 .27 .59 .01 .05
Wind North 1.0C0 .17 .12 .07 .16
Wind West 1.00 .27 .02 .09
Res %Wind S 1.00 .56 .45
Persist Y 1.00 .64
Persist 4 1.00

nated by the variables associated with wind persistence.
The loadings were highest on wind persistence calculated by
years (0.93), wind persisteace by calendar months (0.82),
and resultant wind speed (0.76). Figure 1S displays the
spatial rattern in the factor scores frcm this wind persist-
ence component in the data. This sixth-crder fitting to the
origiral surface accounted fcr oaly twenty per cent of the
variance in the original surface. The pattern showed wind
persistence generally increased in the southvwestern states,
and decreased in an eastward dirsction. The general declire
across the eastern one half of the United States reflected
increases in frontal passages in the meridional period which
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Table 3

Loadings for Five Rotated Pactors

Factors 1 2 3 4 5
PSt .17 ¢19 037 -.5“ .03
Temp .00 005 o7u e 12 .09
Hum -.08 -'07 -007 -082 -001
Prec -’.07 -087 '18 -003 .07
Prec D -009 ‘086 -.21 005 -001
Wind S 012 '12 -068 -.18 oug
¥ind North «07 .05 . .18 «25 .80
BRes Wind S .76 " o01 -.39 -.19 .28
PerSist Y 093 .05 003 -001 -007
Persist M «82 «13 .10 .09 .08
Factor

Variance 23% 16% 12% 12% 8%
Cunulative

Variance 23% 39% 51% 63% 71%
Eigenvalue 2.52 1.76 1.28 1.106 1.07

were associated with increased variability in wind
direction. The semi-permanent =widge in the West <forced
these cyclonic storms poleward, which minimized the effect
of these storms on the Southvwest.

Pactor 2 vas dominated by negative loadings on total
precipitation {-0.87) and precipitation days (-0.86) and was
therefore labeled the precipitation change component. These
first two factors ccmbined to account for thirty-nine per
cent of the total variance in the change matrix. The map of
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the factor scores for precipitatica displayed some
distinctive spatial patterns {(see figure 16) The fitting
explained fifty-four per cent of the variance of the origi-
nal surface, and distinctly uncovered the underlying struc-
ture in the data. The northwestern states were dominated by
increased precipitation, the prairie states were dominated
by a major decrease im gprecipitation. Generally, an
increase was observed in the eastern region, with exceptions
along the Carolina coast and in northern New England. These
findings refiected a skift in the circulation system of the
atmosphere. Just ahead of tae semi-permanent ridge whick
brought the warmer temperatures to the Ecckies, convargsnce
aloft inhibited vertical motions in the atmosphere which
produce precipitation. Just ahead of the trough off the
California coast and the trough centered over the csntral
United States, divergence in the upper levels of *the atmos-
phere supported vertical motions in the atmosphere, cr=2ating
a greater potential for precipitation formation.

Factor 3 was characterized by a high lcading on
average monthly temperature {0.74) and also had a relatively
high, but negative, loading with wind sgpeed (-0.68). It was
interpreted as the temperature change ccmponent, and when
combined with factors 1 and 2, the three factors accounted
for fifty-one per cent of the total variance in the change
matrix. The spatial pattern shown in Figqure 17 was very

similar to the ones found when temperature was discussed
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alone (see Pigures 11 through 14). The Rocky Mountain
states became relatively warner, with lighter wind speeds,
as the semi-permanent ridge over the region, with associated
subsidence, allowed advection of tropical air masses into
the region. The trough over the eastern states allowed
advection of colder, polar air into the eastern region, cre-
ating +the decline in average temperatures. The ceantral
plains showed up as an area of maximuaz convergence as the
circulation shifted, with an associated cooling trend having
occurred throughout the eastera half of the United States.
¥ind speeds generally increased throughout a@much of the
OUnited sStates, except in the Rocky Mountain area which
became dominated by a ridge of high ‘pressure.

Factor 4 was dominated by a negative loadin§ with
relative humidity (-0.82) making it a relative humidity
change component., Wwhen combined with thke first three compo-
nents, sixty three per ceant of all variance was accounted
for. The spatial peattern is displayed in a trend-surface
map (Figure 18) which accounted <for forty-four per cert of
the variance in the humidity surface. The spatial pattern
was similar to the pattern for the precipitation factor.
The map showed that the western states and the =2ast coast
states became more humid in the meridional period, the mid-
western states became sigaificaatly drier. The trough cen-
tered over the midwest advected cold, dry air from the polar

region, w#where the ridge over the Rockies allowed moist,

- 94 -



ecssccee HO4444 QCO0OV 68
secelee 442+ CLOOVUVC OBUOUALBERHGE Eubu b
vessse ¢Hetbeee+ 0000000 wHUH0LEQ3HE BEEES UVBUOLEOBOOOBEOLY
® vevosseltedrtriss ALUOLOO G 6bUNBLEELHEOLOHHNLEBBABEE QUC
® eleneee tElEtéees s (04AQOUOGO tLEUEHOBEGIHEBELEUEEUEUELUECHGEGS .
* sesacsges nnn*n ocuooooouo 3 €EbHY JEUbYLYEELEEE 60LBS s0TWEUYel0LELD
I R XX KX X2l FX2X22) cGo3coun [$]+] UHEEHH0VEHIR::H06€000008UVBOU Ly
sedvecesccccce PHELEILEEIINIGILE goucuuuLcaouuu vHEEUIE:UNu6E668866660UHEE
sessseerennssaes HHEIETEEGINIEIFIILILIGSE 2 CLUGOOCCOUOLUALLOOOO HuEARIEEGHBEHOUBH 000C0o00 3
000 vecsovecnacne e Pttt trtbtiterb Ot 0005000600000300000 EUHECEERANUBINUR ; ¥ (2222
esseseencsssssnence HEEFELELOSERIESIIIEILIIIE 0OQCLUOUNULBVLLOOGUONOD BLBEEES58G6HURE p 244004020
Jessvssccevsvoscnces PHESEGEIEFLOISILGEFIFEGIESLE CCOUOLCOOQUADGOOOOC &ULEBHEUIBHIU
sevonssnssvsscenssase FHEFCIEININIFECTEOITEIISLEGIEYT (ULILLOLULOUCO0VOUO GLEEUY ) GALHOUD
sovcevcccsssccsslocnsne PEREICEIEIEEFICFIECEIEILIEISLSY VUOOUGDOCUVOACLO ELLEEEHBEBOLAOUHULELES JOCCCOOCHOC +442¢41¢90
eeesesscsessscanenecce TRLEEPNLEGIGREETEI2440 444 UOUOGOAGO0OOVAN0 616LHEBLEEAHLOULGHLLLAOLEGE (MUCCUINAUOGO ¢ietitee
s00reossl vecerensenens FHIEEPIEEEIEILIOIELIEIIOIIGE HOOU00O000S0U0 EELLEEGHUEULIEOULBELLHELBEEY OUCOUCCOCCCA #4443+ 4
eseleccccccocnoncernace tHidtt PRttt bttt det LOLUQUNGCAVOQU EGBLEEEYHABNEVULEEUEUEOS506S LOCAOLOOLLO004
Lecsanscocnssccsccnssscce $o0dbORttoeetslettesade UULUCCOUINN HAHUUYELHEBHOSULEHOBLOEBUAUEBO CAOOCCOUCECIOV0NE
®0svessvossssenancaseses tHEFE2PEEIENICIEIEIISIEILISET LLLULSOCOOR2BELLEECREEEDELUBELEBLELEGBLEA CCOOOOLCCCOLOVO
ttebetbtretblietttedrerr QUUOGCUGUCO EHEOL26HUABEAUUBA 664HUBHE6U OCUO0OCGLEOGAQO0
CHE TR E 2444+ 3000N000D0LUL BUELGHOVEBHBE8BLABLEVEVLBA CLCLCCO2COUVON2
000 eessseeseonsseneesee HHEFEEFIEEIESIINGIELIEE DOOUILONOU BIBEEEBEEREIGHIBELEBDHDEED CCUGCULCCOO0000
covcc-a‘ao‘é‘-on-ocoon oo FEEEEEEGEAFEIASEF SIS 000LOLOOLU BOHLYLEVBUBHYYLHRELEBLA6868UY CCOO0V040400000 €8
[

seecssseoclfecee 124 tft't'i('&f’ti."'ftb& UUUOGOUOCYD HEEBOEEBBLENNLY2ZELLEGY 00COOCCOCO0COU 86

FILEE PR P e vttt et el et Pr et 0500 400444206000 GU BUYHUISJUHOU BUbE 0uL0400N0000CC020
ttrtetebrbt bt be et bbbt ittt CUGUULUOUCA €€E868dHBGELOLEEGE LBOCOOCC0O0200CAA00,
200000t 000 ttbbtbbRbETIE ROt e ttes st CGCUUCOO0QOOU 66dbELL § 00002000GCI0Q00A00C
Gcaaouyu +eitdttdtitetibieets QUAUCEOOGCCOOOC 866UHE QLOOLCOQRD20QLLCO000OUAG
auo CHEPEH I EA 04130 0C00CCANGCLONOI0 8A4 B OCI00000000CANA 00
00040 (I XXX 2] Q0UVoCcuVOCoLUOO0 0 8 0 aoounuoovooccavoo
ouoooco gLoocccoolLnuccco 4 608 8 0000000VLOOCQO
€000000000C0000ULO0000CE 60680088083 00CN000co0d

A2 22222222224 ettt dotedetecs COGCO%D EEGG(:GGGG&:&UUUGBBSE’ uno3casocacccan

Class Intervals

Tactor Scores

~4023 ~0e71 ~0.l4 04306 auuesnsae
=371 =0ela 0436 0,02 bbUEE3
eesccseces HEEVIGFEL O0Q0CON00 LUHHGUOHE BIINKARKE
®eccvccre FHEREIIEIY GCLOCULGU OJBUGAUGH BENNENBRN
eevelepee ¢tHE42¢90¢4 DCCOIVCO0 UHERAGYLL KIBXSESRN
svesscsse tretettes NDOOOCHGCO HHAOGLLLO BNBSNELIE
seseveces Ftttttetr OCCOCOGLCU LLEUGBEGE SANNNMBMNN
AR AN AR AL IR RNNE IS I SRR B ERES RS AR BIALRCA IR NN Figure 18: Sixth-Order Fitting to a Surface

20 - 30 3 3 30 of Scores from Factor 4 -~ The
Class Frequencles Relative Humidity Change Component

4L00C0001 I e6GEGAGEUBGE




tropical air to penetrate into the vwestern states. The
convergence in the upper atmosphere inhibited precipitation
formation in the prairie states, keeping precipitation down
despite haigher relative humidities. Although the 1large
region of the midwest had the largest decreases in relative
humidity, the convergence in the upper levels of the atmos-
phere was not as persistent, and greater precipitation
occurred when ccmpared to the states slightly westward.

The last factor with an eigenvalue greater than one
had highest 1loadings with the northerly wind component
{C.80) and with the westerly wind conmpcnent (0.63) and was
therefore labeled the northwesterly wind change component.
The five factors accounted for seventy-cne per «cent of the
total variance in the climatic change matrix. The sixth-or-
der fitting displayed in Figure 19 accocunted for only twen-
ty-two per cent of the total variance in the surface grod-
cced by the factor scores of the Ififtk component. The
sixth-order fitting was difficult to interpret because bothk
wind speeds and directional persistence were iancluded in
this component., Northwesterly components decreased ia the
West Coast states in association with southwesterly flow
aloft in the aeridiomal geriod., They increased downstrean
from the ridge axis in the western Great Plains whers nor-
thvesterly flow aloft occurred. 1In the eastern states, nor-
thwesterly components decreased in association with south-

westerly flow aloft. Decreases in the rnorthwesterly
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components also occurred in the Great ILakes area amd in the
southera Great Plains.

Kalnicky (1974) demonstrated that a ridge was devel-
oped in the upper atmosphere over the Rockies during the
meridional period. Over the eastern half of the United
States, an upper level trough alsoc became predominaant in the
meridional years. The effect of the change in circulation
flo¥ was noted in composite factors in this section. Two
factors (1 and S) were dominated by wind related measures.
Pactor 1 was a wind persistence change ccmponent which
showed persistence values tended to decrease in the eastern
one half of the United States where increases in fromntal
passages occurred in the meridiomal period. In the South-
west where cyclonic storms were driven northward, persist-
ence tended to increase. Pactor 5 was a northvesterly wiad
change component which tended tc generally decrease in areas
dominated by southwesterly winds aloft, and tended +to
increase in those regicns where northwesterly flow aloft
occurred in the meridional period. The spatial patterns
were relatively difficult to interpret probably indicating
the overwhelming affect of local conditions, particularly
topographay, on wind parameters. The second factor was
interpreted as a precipitation change component and it
showed that the lower plains became much drier as the circu-
lation shifted from a zopal to a meridicnal pattern. Subsi-

-

dence in the upper atmosphere was suggested as the key in
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restricting precipitation over that region. Factor 4 wvas a
relative humidity change component in the data which dis-
played a decrease in atmosrheric moisture from the northern
plains through the Great Lakes, suggesting that little mois-
ture was advected into the region during the meridional
period. Moisture was advected into the Plains where precip-
itation levels were low. Therefore, even though sufficient
moisture was available 3ian the southern plains states, the
upper level flow restricted the develcpment of precipita-
tion. A temperature change compoaent, Factor 3, showed that
the advecticn of warm air beneath the ridge in the Rockies
during the meridional years brought warmer temperatures and
decreased wind velocities to the region, and the advection
of cooler, polar air masses into the eastern states beneath
a trough lowered temperatures and increased wind velocities.
In sunmary, the <cbserved patterns demonstrated that a
change in the upper level circulation uas associated vith
changes in the surface climatic conditions. Most of the
findings in this section were cl=2arly exgplaizned by the shift
in the circulation. The findings also strongly supported
the notion that the general circulaticn of th2 atmosphere

fluctuated in the eariy 1950°'s.



CHAPTER V

CHANGES IN THE CONFIGURATION CF ZONAL

TO MERIDIONAL CLIMATIC REGIONS

Results and Analyses for a Combined Zonal-Meridional

nAveraqge®™ Periogd

To produce maps of climatic regions f£or the two time
periods, the data for the climatic parameters were factor
analyzed to transform the original data onto orthogonal
axes, The factor scores from the computed eigenvectors
became the data which were cluster analyzed based upon dis-
tances in Euclidean space. Only then vere statioans grouped
into distinctive climatic groups based orn distance levels in
the computed phenogran. The results may not necessarily
have produced continuous or homogenecus regions. The
regioes produced may possibly bear no resemblance to precon-
ceived notions of the configuration of climatic regioms in
the Oanited States.

Most climatic classificatiors that have gained wide

acceptance in gecgraphy have been based primarily on temper-
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ature and precipitation values. A pilot study by this
investigator showed that addition of too many variables cre-
ated a confused spatial pattern, therefore, only the two
rather commonly used variables, temperature and precipita-
tion were eaployed. To develop a sense of some "average"
condition, the monthkly temperature and precipitation amounts
were averaged for all twenty years, including both the zonal
and meridional periods. This yielded one value for tempera-
ture for each month and one value of precipitaticn for each
month for all one hundred fifty-one stations in the study.
This matrix of six columns, opne for each variable, and one
hundred fifty-one rows, one for each station, was then fac-
tor analyzed. Two eigenvectors emerged as significant; fac-
tor 1 was clearly the temperature comporent and factor 2 was
dominated by precipitaticn (see Table 4).

The factor scores for each station were then cluster
analyzed, and a linkage tres was develored from the results
of the distance level calculatioas. A cophenetic correla-
tion was determined to be 0.88 indicating +that little dis-
tortion existed between the implied distances on the gheno-
gram {linkage tree) and the actual distances in Euclidean
space. A decision was then made regarding the proper dis-
tance to Le selected which divided the stations into cli-
matic groups., If the distance level selected was too great,
too few regions would have developed. Convers=ly, a very

low distance level would have <created tco many groupings,
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Table 4
Loadings for Two Rotated Factors tased upon

Combined Zonal and Msridional Data

Variable Factor 1 Factor 2
Temp{D) «97 24
Teap {(J) <96 «27
Temp (F) «97 «22
Precip (D) «21 .36
Precip{J) .21 «97
Precip (F) +30 .94
Factor

Variance 73% 26%
Cumulative .

Variance 713% 338%
Eigenvalues 4.36 1.55

not allowing for any large homogenecus patterns to be
foraed. In that the calculations were used only to procduce
an average picture from which =more specific zonal and meri-
dional regions were compared, the decision to produce only
ten climatic regions was made. To obtain the tea regioas,
the 0.85 phenon line divided the phenogram into eleven clus-

ters, but as station 142, Tatoosh Island, Washington, wes

fv

single station region, it was eliminated , 1leavinag the ter
regions displayed in Figure 20. Table 5 shows the average

vinter temperature and precipitation values for each statiorn
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Combined Zonal - Heridional Temperature and

Table 5

Precipitation Values by Regions

Staticn Winter Winter

Region Code Station Temp. Precip.
1 1 Portland, HE 22.57 3.38
7 Hartford, CT 26.69 3.35
S Nantucket, MA 32.43 3.94
8 New Haven, CT 29.75 3.54
6 Providence, RI 29.86 3.62
4 Boston, MA 29.84 3.60
Means (1) 28.52 3.57
2 11 Yew York, NY 33.10 3.23
14 Reading, PA 32.29 3.00
18 Baltimcre, MD 35.22 3.10
64 Louisville, KXY 35.20 3.17
65 Evansville, IN 34.03 2.95
70 Parkersburg, WV 33.61 2.86
67 Ciacinnati, OH 33.40 2.90
17 Trenton, NJ 32.61 2.85
1 Philadelphia, PA 33.19 2.93
95 Cairo, IL 37.71 3.50
16 Atlantic City, NJ 34.76 3.57
49 Fort Smith, AR 41,35 2.81
21 Norfolk, VI 341.€6 3.27
27 Raleigh, XC 51.862 3.21
20 Lynchburg, VI 37.73 2.96
23 Asheville, XNC 38.55 2.96
25 Greensboro, XNC 39.10 3.23
143 Medford, OR 39.63 3.10
22 Richmond, VI 38.79 3.11
19 washington DC 36.35 2.81
12 Harrisburg, 2A 31.10 2.65
75 Erie, PA 28.11 2.48
71 Pittsburgh, P2 29.43 2.48
66 Indianagoliis, IX 29.29 2.27
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Station Einter Winter

Region Code Station Temp. Precip.
69 Dayton, CH 29.37 2.23
&8 Columbus, OH 30.40 2.29
138 Spokane, WA 29.49 1.99
76 Cleveland, OH 28.21 2.13
78 Port Wayne, IN 26.24 1.95
15 Scranton, PA 27.0%6 2.08
97 Springfield, IL 2%.13 1.61
84 Chicago, IL 26.29 1.55
96 Peoria, IL 26.34 1.55
81 Grand Rapids, MI 25.49 1.72
79 Detroit, MI 26.71 1.76
77 Toledo, QH 26.30 1.79
9 Albany, NY 23.20 2.22
73 Rochester, NY 24,93 2.28
10 Binghamton, NY 24,27 2.33
72 Buffalo, NY 25.66 2.84
74 Syracuse, NY 24,37 2.86
2 Ccncord, NH 22.17 2.82
Means {2) 31.51 2.80
3 93 Des Moines, IA 23.66 1.14
112 ¥issoula, MT 24.45 1.01
110 Havre, MNT 19.03 « 42
111 Helena, MT 22.32 + 46
116 Lander, WY 21.73 «56
113 Miles City, AT 20.74 .43
107 Sioux City, IA 21.58 .74
106 Valentine, NB 23.66 .36
114 Rapid City, SD 25.290 <46
118 North Platte, XNB 26.76 +48
115 Cheyenne, WY 27.63 .49
105 Omaha, NB 25.32 .86
117 Sheridan, 9% 24,33 67
109 Billing, 47T 26.44 .67
137 Pocatello, ID 26.46 1.01
104 Lincoln, #B 27.02 1.00
119 Denver, CQ 32.28 «61
122 Dodge City, KS 32.58 .63
135 Grand Junction, 30.564 <60
120 Puyeblo, CO 31.73 » 38
101 St. Joseph, MO 29.11 1.26
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Station Winter Winter

Region Ccde Station Temp. Precip.
136 Boise, ID 31.88 1.28
134 Salt Lake City, OT 30.68 1.25
103 Topeka, KS 31.04 1.25
123 Wichita, KS 33.41 1.12
132 Reno, NV 34,17 1.09
140 Yakima, Wa 32.02 1.11
133 Winnemucca, NV 31.60 .96
121 Concordia, KS 29.68 .85
139 Walla Walla, WA 36.50 1.78

99 Columbia, MO 31.80 1.64
100 Kansas City, MO 31.93 1.56
102 Springfield, MO 34.456 1.81

98 t. Louis, MO 33.290 1.92

Means (3) 28.38 .S4
4 87 Duluth, #X 12.45 .85

30 Hinneapolis~St. Paul, MN 16.76 .68
108 Huron, SD 16.54 . «52

89 ¥illiston, ND 14.05 <47

88 Bismarck, XD ' 13.10 «39

80 Alpena, MI 21. 10 1.50

82 Marquette, MI 20.23 1.60

94 Dubugque, IA 21.75 1.37

86 Milwaukee, WI 22.66 1.40

92 Madison, WI 20.36 1.09

91 La Crosse, W1 18.91 «87

85 Green Bay, WI 18.74 1.01

83 Sault Ste. #arie, MI 16.29 1.80

3 Burlington, VT 18.74 1.63
Means (4) 17.98 1.09
5 28 Wilmington, XNC ‘47,16 3.42

30 Columbia, SC 46.75 3.44
147 Sacramento, CA 47.58 3.47

29 Charleston, SC 49.87 3.28
148 San Francisco, CaA 51.20 3.96

48 Shreveport, LA 48.18 4,05 .

32 Augusta, GA 47.37 3.80
34 Jacksonville, PL 56.11 3.18

57 Houston, TX 54,43 3.52

56 Galveston, TX 54.386 3.41

490 Apalachicola, FL 54.69 3.45

33 Savannah, Ga 51.47 2.92
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Station Winter Winter

Region Code Station Temnpe. Precig.
Means (5) 50.81 3.49
6 60 Chattanooga, TH 41,74 5.35
144 Portlangd, OR 41.79 5.26
145 Roseburg, OR 42.82 5.20
146 Eureka, Ca 48.57 5.99
a1 Pensacola, FL 53.36 3,57
S8 Port Artur, TX 53.60 4,57
47 New Orleans, LA 54,44 4.79
43 Mobile, AL 52.35 5.08
42 Birminghaam, AL 45,33 5.13
46 Vicksburg, US 48.65 5.10
G5 Meridian, MS 47.46 4,95
38 Atlanta, GA 44,17 4,45
141 Seattle, W2 43.23 4.63
62 . Memphis, TN 41,73 4,38
63 Nashville, TX 39.44 4.30
51 Xnoxville, TN 40.10 4.70
26 Hatteras, XNC be. 49 4.45
44 Montgomery, AL 49.08 4.60
39 Macon, GA 48.16 43.36
31 Greenville, SC 43.19 4,15
50 Little Rock, AR 42.48 3.99
24 Charlotte, NC . 42.91 3.73
Means {(6) 45.33 4,72
7 37 Tampa, FL 61.44 2.62
150 Los Angeles, Ca 57.03 2.52
59 San Antonio, TX 52.45 1.78
151 San Diego, CA 57.12 1.73
53 Corpus Christi, TX 57.63 1.98
125 Abiline, TX 45,74 1.19
149 Fresno, CA 47.50 1.70
54 Dallas, TX 46.74 2.50
55 Port Worth, TX 46.30 2.17
51 Agstin, TX 51.14 2.33
Means (7) 52.31 2.05
8 128 £l Paso, ITX 46.179 .49
126 Aparillio, TX 37.43 «72
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Station Winter Winter

Region Cede Station Temp. Precip.
128 Albugquergue, NM 37.17 46
127 Roswell, NM 30.85 «58
124 Oklahoma City, OK 39.01 1.38
Means (8) 40.13 .72
9 130 Phoenix, a2 53.75 «69
131 Yuma, AZ 57.75 «35
Means (9) 55.75 «52
10 52 Brownsville, TX 61,56 1.62
386 Miami, FL 67.85 2.03
35 Key West, FL 70.69 174
Means (10) 66.70 1.80
11 142 Tatoosh Island, WA 43,53 10.00
and the mean values for each of the regions. Large,

homogeneous ragions developed over most of the United States
except in a few isolated locations, especially along tke
southern Pacific coast. Th2 interplay cf a wide variety of
station elevations, topography, and ocean currents produced
the diversity of climatic types in this region. The goal
here was not to identify these winter-mcanth climatic ragions
and to characterize each one, but to ncte the existence aad
configuration of the regioms. Zonal ard meridional regions
vere later developed and details r=agardiag each follow in

this chapter.
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Results and Analyses for the Zgonal Period

The same procedure used to create the combined zonal
and meridional winter climatic regions was applied to the
zonal data alone, Again, only temperature and precipitation
values were used in the principle-compopents analysis. Two
factors emerged, one temperature and the other precipita-
tion, which accounted for ninety-eight per cent of the total
variance in the data set. The loadings displayed in Table 6

showed that factor 1 was a temperature component and factor

Table &

Loadings for Two Rotated Factors based on Zonal Data

Variable Factor 1 Factor 2
Temnp (D) «97 «25
Teap (J) +396 « 28
Precip (D) .26 <95
Precip (J) «22 .96
Precip (F) «27 .94
Factor
Variance 73% 25%
Cumulative
Variarnce 73% 98%
Bigenvalues 4,38 1. 43
2 was a precipitation coampoanent. The factor scores caicu-

lated from these +t3c compoaents wvwere used as the base for
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the clustering algorithm. A linkage tree (see Pigure 21)
was developed based on the Euclidean distance in the precip-
itation and temperature factor scores calculated for eack
station. The cophenetic correlation was found to be 0.93
indicating 1little distortion existed between implied and
actual distances between the statioms.

A phenon 1line of 0.773 divided the stations into
eleven groupings, but as in the combined case, Tatoosh
Island, Washington, stood far alone as a single station win-
ter clizatic region, and was eliminated, 1leaving ten cli-
matic regions (see Figure 22). Table 7 contains a listing
of the statibn pames, by zonal climatic regions, with temp-
erature acd precip;tation data. The values are the zonal
vinter means produced by averaging the zZonal monthly mearns.

The largest feature in the pattern was a large cli-
matic region [4) extending from the Rocky Mountains to sta-
tions ir Pennsylvania. #hen compared to data for the rest
of the United States (see Figure 23), it became obvious that
this group vwas marked by cool temperatures (27.78 degree
average) and below average precipitation lsvels (1.30 inches
on average). The New Epgland rsgion (1), extended from New
York State through Maire, was marked by similar cooler than
normal average nonthly temperatures (25.46 degrees) and
greater than average precipitation values {2.77 inches).

A large <region (2) extended frcm +the mid-Atlantic

states through the continental interior to Arkarsas. It was
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Table 7

Listing of Temperature and Precipitation Values

By Zonal Climatic Regions

P

Station Winter Winter
Region Code Station Tenp. Precip.
1a 1 Portland, NE 22.53 3.36
7 Hartfozd, CT 27.38 3.31
5 Nantucket, HA 32.58 3.57
8 New Haven, CT 29.84 3.60
6 Providence, RI 30.53 3.486
4 Boston, HMA 239.78 3.16

Means (1a) 28.77 3.41

1b 3 Burlingtoa, VT 19.01 1.66
83 Sault Ste. Marie, 17.39 1.74
9 Albany, NY 23.35 2.11
73 Rochester, NY 25.21 2.27
10 Binghamton, NY 26.08 2.26
72 Buffalo, NY 26.10 2.75
74 Syracuses, XY 248,55 2.85
2 Concord, XNH 22.05 2.61
Means (1b) 22.97 2.28

Means (1) 25.46 2.77

2 1% Washington, DC 36.89 2.85
22 Richmond, VA 39.63 2.85
143 Medford, OR 40.02 2.85
23 Asheville, XNC 38.91 2.91
25 Greensbhoro, NC 35.54 3.00
20 Lyachburg, V2 38.76 3.00
27 Raleigh, XNC 42.63 3.06
21 Worfolk, VA 42.73 3.04
g9 Port Smith, AR 41.59 3.40C
50 Little Rock, aR 42.83 3.73
24 Charlottz, KC 43,65 3.75
13 Philadelphia, PA 34,19 2.98
65 Evansville, IXN 34.58 2.83
70 Parkersburg, ®V 34.23 2.83
67 Cincinnati, OH 34,132 2.82
17 Treanton, NJ 32.76 2.72
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Station Winter Winter

Region Code Station Tenmp. Precip.
14 Reading, PA 32.50 2.31
95 Cairo, IL 38.15 3.41
64 Louisville, KY 35.80 3.07
18 Baltimore, MD 36.97 3.18
16 Atlantic City, NJ 35.62 3.48
1 New York, NY 32.98 3.21
Means (2) 37.69 3.08
3 87 Duluth, MN 14.30 .76
89 wiliiston, ND 14,70 <47
88 Bismarck, ND 13.80 <33
30 Minneapolis-St. Paul, MN 17.64 .74
Means (3) 15.11 <57
4a 104 Lincoln, NB 27.50 1.18
117 Sheridan, WY 24,29 «71
112 Missoula, MT 25.26 .87
137 Pocatello, ID 26.31 1.01
105 Omaha, NB 25.84 +96
115 Cheyenne, WY 27.53 82
118 North Platte, NB 28.14 .48
103 Billings, MT 26.19 .56
114 Rapid City, SD 25.53 .41
106 Valentine, NB 24.52 <47
M Helena, MT 21.76 .42
113 ¥iles City, HNT 21.51 <36
108 darocn, SD 18.00 <47
116 Lander, %Y 20.71 .58
110 Harve, MT 19.63 « 42
107 Sioux City, SD 22.35 .74
121 Concordia, KS 30.24 .95
140 Yakima, W2 32.53 1.00
133 ¥innemucca, NV 31.72 1.05
132 Reno, NV 34.31 .98
122 Dodge City, KS 32.71 «81
136 Boise, ID 31.64 1.26
134 Salt Lake City, OT 30.63 1.29
135 Grand Junction, CO 30.36 +58
120 Pueblo, CO 31.73 « 42
119 Denver, CO 33.34 «53
Means (4a) 27.11 <74
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Station Winter Winter

Region Code Station Tenmp. Precip.
4b 15 Scranton, PA 28.03 1.89
84 Chicago, IL 26.90 1.61
96 Peoria, IL 27.28 1.69
81 Grand Rapids, dI 27.01 1.66
79 Detroit, MI 26.98 1.7C
77 Toledo, 0B 27.17 1.70
78 Fort HYayne, IN 26.75 1.90
93 Des Maoines, IA 25.12 1.28
94 Dubuque, IA 23.85 1.38
86 Milwaukee, WI 23.73 1.82
85 Green Bay, WI 20.29 1.16
91 La Crosse, #WI 19.49 1.10
g2 Madison, WI 21.43 1.30
82 Marquette, MI 21.08 1.70
80 Alpena, XI 22.57 1.60
97 springfield, IL 30.48 1.77
138 Spokane, W2 30.710 1.69
101 St. Joseph, MO 30.13 1.58
100 Kansas City, M0 32.04 1.88
103 Topeka, KS 32.23 1.59
39 Columbia, MO 32.60 1.86
102 Springfield, MO 34.68 1.98
g8 St. Louis, MO 34.51 2.07
139 ¥alla Walla, ¥a 36.04 1.72
123 Wichita, XS 33.90 1.51
86 Indianapolis, IX 30.17 2.03
638 Columbus, OH 31.58 2.16
76 Cleveland, OH 28.97 2.08
69 Dayton, OH 29.98 2.28
12 Harrisburg, PA 31.65 2.42
Means (4b) 28.33 1.76
Means (4) 27.78 1.30
Sa 31 Greeznville, SC 43.54 4.01
141 Seattle, w2 43.27 4,31
38 Atlanta, GaA 45.64 4.3C
62 Memphis, TN 42.05 4.31
63 Nashville, TN 39.91 4,20
145 BRosebarg, OR 43.16 4.71
61 Knoxville, TN 40.61 4,57
Means (5a) 42,46 4.34
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Station Winter Winter
Region Code Station Temp. Precipe.
5b 60 Chattanooga, TN 41.47 5.56

144 Portland, OR 42.73 5.55

146 Eureka, CA 48.58 5.95

45 Meridian, #S 48.23 5.25

46 Vicksburg, S 49,22 5.32

42 Birmingham, AL 45.69 - 54,22

Means (5b) 45.99 S.47

Sc 41 Pensacola, TL 53.99 4.55
47 New Orleans, 1A 55.57 4.79

58 Port Arthur, TX 54.17 4.74

i3 Mobile, AL 53.06 5,78

148 San Francisco, Ca 52.17 4.18

39 Macon, GA 48.29 4,21

4y Montgomery, AL 50.02 4,55

48 Shreveport, LA 48.45 4.50

25 Hatteras, NC 46.97 4,56

Means (5c) 51.41 4.53

Means (5) 47.08 4.73

6 35 Key West, FL 71.10 1.66
36 Miami, FL 58.21 1.92

Means (6) 69.65 1.79

7 52 Brevnsville, TX 51.83 1.50
131 Yuma, AZ 57.11 «39

130 Phoenix, aZ 54,06 .76

Means (7) 57.67 .88

8 53 Corpus Caristi, IX 57.95 1.83
151 San Diego, CA 56.56 2.23

S9 San Antonic, TZX 52.60 1.79

37 Tampa, FL 52.23 2.51

Means (8) 57.33 2.09

9a 12% Oklahoma City, OK 32.85 1.65
9b 126 Amarillo, TX 37.53 «81
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Station Winter Winter

Region Code Station Temp. Precip.
129 Albuquergue, NM 37.26 .48
127 Rosvell, NM 41.64 «62
128 E1l Paso, TX 46.39 .55
149 Presno, CA 47.87 1.67
125 Abiline, TX 45.99 1.26
Means {9b) 42.78 .89
Means (9) 42.36 1.01
10 29 Charleston, SC 50.88 3.11
55 Port Wortkh, TX 46.75 2.43
54 Dallas, TX 46.84 2.71
30 Columbia, SC 347.63 2.87
51 Austin, TX 51.16 2.4 7
33 Savannah, GA 52.80 2.81
40 Apalachiola, PL 55.23 3.73
57 Houston, TX 54.81 3.47
56 Galveston, TX 55.31 3.60
150 Los Angeles, CaA 57.17 2.85
34 Jacksonville, FL 57.04 3.17
32 Augusta, GA . 48.37 3.42
1487 Sacramento, CA 47.90 3.58
28 Wilmington, XNC 47.86 3.50
Means (10) , S1.41 3.13
11 142 Tatoosh Island, WA 83,75 9.49

a regibn marked by acove averaygye temperatures (37.69
degrees) and above average precipitation (3.08 dinches).
Another large region (5) emcoapassed most of the Gulf states
region and vas marked by still higher temperatures (47.08
degrees) and relatively Ahigh precipitatior levels (4.73
inches). Apnother climatic type (10) flarked this "Scuthern"
winter climatic region and was characterized by Lkigh

- 118 -



Factor |

" *3 Factor Scores

®* Location of Climatological
Station in Climatic Space

Factor
Scores

Figure 23: Scatter Diagram of Factor
Scores for the Zonal Period

- 120 -



temperatures {51.41 degrees) and lower fprecipitation values
{3.13 inches). Several smaller regions ({6 and 8) were found
equatorward of these regions and were marked by high temper-
atures (69.65 degrees for region 6 and 57.33 degrees for
region 8) and surprisingly low precipitation amounts (1.79
inches for region 6 ard 2.09 inches fcr region 8) due to
decreased convective activity. Region 9 was the character-
istic Southwest region with higher than average temperatures
(42.26 degrees) and very low rainfall amcunts (1.01 inches).
Statioas in region 7 shouéd even higher temperatures (57.67
degrees) and lower precipitation values (0.88 inches).
Region 3 was one of extremely cold temperaturses (15.11
degrees) and lower than average precipitation amounts (0.57
inches). The pattern along the wvwest coast displayed a good
amount of variation in the winter climatic types with only
one large continuous regioa (5) being found in the Yorth-
vest. It was a region of above average temperatur2s and
very high precipitation amounts described above.

These patterns were valid for the winter component
of climate based upon teamperatures and precipitation values
for the years 1940 through 1949. It <zepresented cnly cne
interpretatiorn of the clustering where ten climatic regions
were chosen. If scne paenon line other than 0.773 was
drawvn throuagh the phenogran, the regions were further
divided creating a different pattern.

A phenon line at the 0.700 distance level divided the
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stations into sixteen winter climatic regions, but as two
stations, Oklahoma City, Oklahoma and Tatoosh Island, Wash-
ington, formed single station regions, cnly fourtesn regions
were recognized.

The 1large regicn covering most of the interior
United States in the ten region pattern was cut in half with
the western section (4a) being dominated by precipitation
amouants below thcose of the eastern one half. Generally,
monthly precipitation values were below 1.25 inches in the
vestern secticn. Region 1 vwas subdivided on the basis of
precipitaticn with 1larger amounts (all above 3.90 inches)
recorded on the seaward portiocn of the region. The region
(5) that covered much of the South sudivided into three
subregions. An interior region ({5a) was relatively cool
(42.46 degrees) and dry (4.34 inches) compared the other
subdivisions, the semicoastal regicn {5b) was the wettest of
the three {all above 5.00 inches), reflecting an increase in
local relief for the area. The'coastal group of statiosns
(5¢) was donminated bf the highest temperatures ({51.41
degrees) and surprisingly low precipitation amounts (4.53
inches).

The large Southwestern region (9) remaianed unchanged
except that Oklahoma City, Oklahoma, was left to form a sin-
gle station regiorn. The location of Cklahoma City on the
scatter diagram in Pigure 23 showed it to be a relatively

cool (39.85 degrees) and wet (1.65 inches) station compared
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to the rest in region 9. The remaining regions vwere all the
same as those found when the 0.773 phencn line was used.

The focus of this section of the investigation was
not to derive a classification of the winter compcnent of
climate; but to demonstrate that significant changes occur-
red in climatic regions in association with a shift in the

circulation of the atmosphere.

Results and Analyses for the Meridional Period
To compare dJifferences in the configuration of the
climatic regions between the two time pericds, the same pro-
cedure used to generate regyions for the combined zonal and
meridiopal periods, and those for the zonal years must be
applied tc the meridional time period. Agair, only tempera-
ture and precipitation data for the uinter months were
employed. These data were coadensed into two factors using
principle-components factor analysis. The lcadings for the
factors (see Table 8) showad factor 1 tc again be the tenmp-
erature component and factor 2 to be the precipitation con-
ponent. The two combined to account for ninety-eight per
cent of the total variance in the meridicmal data. The fac-
tor scores from these two factors were caiculated and the

scores becanme the basis for the clustering procedure.
The results are presented in a linkage tree in Figure
24, The cophenetic correlation for this case was 0.88,

indicating relatively low distortion existed between the
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Table 8
Loadings for <Two Rotated Factcrs based

upon Meridional Data

Variable FPactor 1 Pactor 2
Temp (D) «937 «22
Tenp {J) «97 24
Tenp (F) ) «97 .20
Precip{D) «17 «96
Precip(J) <20 .97
Precip(F) «32 .92
Factor

Variaace 71% 27%
Cunulative

Yariance 71% 98%
Eigenvalues 3,24 1.63

implied distances on the phenogram and actual climatic
distances between the statzioms. To prcduce only ten cli-
matic regions to compare with the ten climatic regions in
the first tvo cases, a phenon line with a distance level of
0.821 was reguired. This valus was substantially higher
than the 0,773 phenon line distance level needed to separate
the zonal clusters into tem <climatic regioans,. These find-
ings demonstrated that greater distarces, in climatic space,
-existed between 1in the meridional pericd when «ccmpared to

those in the =zonal period. Climates were less similar
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across the United States in the meridiopal years compared to
the winter climates in the zonal period.

The resulting mag of ten climatic regions (ses Pig-
ure 25) and the scatter diagram in FPigure 26 allowed for the
interpretation of the spatial pattern of the <climatic
regions. Table 9 lists the stations in each meridional
rTegion along with temperature and precipitation data. a
large region (2) from the Rockies to Illinois dominated the
pattern. These stations fell in the cool {28.58 degrees for
average monthly vinter temperatures) and dry (0.96 inches)
section of the plct on Pigure 25, A large region (3) was
located poleward of regicn 2 and was differea+tiated from its
southern neighbor by decreased temperatures (17.37 degrees),
and on a relative scale, vwas driér {0.96 inches) than the
rest of the United States.,

Another large winter climatic —region (1) was found
throughout the onortheastern quarter of the United States.
It was characterized by ccoler thaz average temperatures
(30.80 degrees) arnd by above average fprecipitaticn amocunts
{2.92 inches).

The South was brcken into two distinctive regions:
the first, region 5, wvas an - interior type marked by above
average temperatures (44,52 degrees) and was well above the
Onited States' aean precipitation level (4.76 inches). The
same climatic type appeared in the northwesternm ccrner of

the United States, The coastal southern region extended
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Table 9

Listing of Temperatures and Precipitatioa Values

By Meridional Regions

Station Winter Winter
Region Ccde Station Temp. Precip.
‘la 1 Portland, ME 22.62 3.39

7 Bartford, CT 26.00 3.39
3 New Haven, CT 29.686 3.48
5 Nantucket, MA 32.27 4.31
6 Providence, RI 29.20 3.798
q Boston, dA 29.89 4,05

Means (1a) 28.28 3.73

1b 1 New York, NY 33.22 3.284
14 Reading, PA 32.09 3.10
18 Baltimore, MD 33.47 3.03
65 Evansville, IN 33.48 3.08
70 Parkersburg, WV 33.00 2.89
17 Trenton, HJ 32.46 2.98
67 Cincinnati, OH 32.567 2.97
13 Philadelphia, PA 32.19 2.88
64 Louisville, KY 34.60 3.28
12 Harrisburg, PA 30.56 2.88
186 Atlantic City, NJ 33.91 3.66
21 Norfolk, Va 40.53 3.5C
27 Raleigh, XC 40.60 3.36
24 Charlotte, NC 42.17 3.72
95 Cairo, IL 37.27 3.6C
25 Greensboro, KEC 38.66 3.47
143 ¥edford, G2 39.25 3.36
22 Richmond, VA 37.96 3.38
23 Asheville, NC 38.18 3.01
20 Lynchburg, VA 36.70 2.52
19 Washington, DC 35.82 2.78
Means (1b) 35.66 3.19

ic 15 Scranton, PA 26.09 2.28
73 Rochester, NY 24,66 2.30
75 Erie, P2 27.13 2.64
71 Pittsburgh, PA 28.31 2.53
65 Indianapolis, IN 28.40 2.50
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Station ¥inter Winter

Region Code Station Temp. Precip.
76 Cleveland, OB 27.46 2.17
63 Cayton, OH 28.77 2.19
138 Spokane, WA 28.88 2.29
68 Columbus, 0# 29.21 2.43
81 Grand Rapids, MI 23.98 1.78
79 Detroit, A1 26.44 1.83
78 Port ¥ayne, IN 25.74 2.01
77 Toledo, 0OH 25.43 1.87
9 Albany, §Y 23.048 2.32
10 Birghamton, NY 22.45 2.40
72 Buffalo, NY 25.23 2.94
74 Syracuse, NY 24,19 2.87
2 Concord, KH 22.29 2.64
Heans ({ic) 25.98 2.33
Means (1) 30.80 2.92
2 84 Chicago, IL 25.68 1.50
96 Peoria, IL 25.41 1.41
97 Springfield, IL 27.78 1.45
112 Missoula, MT 23.65 1.18
93 Des Moines, IA 22.19 1.00
105 Omaha, NB 24.81 76
117 Sheridan, %Y 24,38 +63
116 Lander, WY 22.75 54
111 Helena, MT 22.88 «51
118 North Platte, NB 25.39 <43
114 Rapid City, SD 24,838 .50
106 Valentine, NB 22.81 «26
137 Docatello, ID 26,62 1.02
104 Lincoln, NB 26.55 .83
109 Billings, MT 26.70 79
101 St. Joseph, H#0O 28.09 «95
103 Topeka, KS 29.8% <91
121 Ccncordia, XS 29.12 .74
123 wichita, KS 32.92 - 74
133 dinnemucca, NV 31.48 «87
135 Grand Junctioa, CO 30.42 «61
119 Denver, CO 31.23 .70
115 Cheyenne, WY 27.73 «36
122 Dodge City, KS 32.45 .46
120 Pueblo, CO 31.74 <34
102 Springfield, #O 34.25 1.64
139 Walla Walla, %A 36.96 1.85
99 Columbia, MO 31.00 1.42
100 Kansas City, 40 31.82 1.44
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Station Winter ¥inter
Region Code Station Tenp. Precip.

136 Boise, ID 32.12 1.30

140 Yakima, WA 31.52 1.21

134 Salt Lake City, UT 30.73 1.21

132 Reno, NV 34,03 1.20

98 St. Louis, MO 31.89 1.76

Means (2) 28.58 .96

3a 83 Sault Ste. Marie, MI 15.20 1.85

87 Duluth, MN 10.59 «95

Means (3a) 12.89 1.4C

3b 85 Green Bay, WI 17.19 .87

108 Furon, SD 15.09 .58

30 Minpeapolis-St. Paul, MN 15.89 .61

89 Willistcn, ND 13.40 438

88 Bismarck, ND 12.39 .44

107 Sioux City, Ia 20.81 .73

113 Miles City, MT 19.98 .51

110 Havre, MT 18.43 <43

92 Madison, ¥I 19.29 .89

91 La Crosse, ®I 18.34 +65

86 Milvaunkee, &I 21.59 1.38

80 Alpena, MI 19.64 1.40

94 Dubuque, IA 19.64 1.37

82 darquette, MI 19.37 1.51

3 Burlington, ¥T 18.47 1.60

Means (3b) 17.97 .90

tieans (3) 17.37 .96

4a 28 Wilmington, NC 46,47 3.35

147 Sacramento, C2 47.27 3.37

48 Shrevegort, LA 47.91 3.80

29 Charleston, SC 48,86 3.45

148 San Prancisco, C2 50,28 3.80

34 Jacksonville, P1L 55.18 3.12

56 Galveston, TX 54.42 3.22

40 dpalachicola, PL 54.15 3.18

.57 Houstoa, TX 54.05 3.57

33 Savannah, GA 50.14 3.02

Means (4a) 50.87 3.37
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Station Winter Winter
Region Code Station Temp. Precip.
b 87 New Orleans, 1A 53.31 4,79

58 Port Arthur, TX 53.03 3,41

41 Pensacola, FL 52.74 4.59

Means {4b) 53.03 4,59

Means (4) 51.37 3.65

5 42 Birmingham, AL 44.96 5.04
181 Seattle, WA 43.19 4.96

61 Knoxville, TN 39.60 4.84

144 Portland, OR 450.86 4.97

60 Chattanooga, TN 30.81 5.14

145 Roseburg, OR 42.47 5.70

146 Bureka, CA 48.56 6.03

43 Mobile, AL 51.63 5.38

31 Greenville, SC 42.84 4.30

50 Little Rock, AR 42.08 q.24

62 Memphis, TN 41,43 4.484

38 Atlanta, GA 43.71 4.60

63 Nashville, TIB 38.98 4.41

33 Macon, GA 48.02 4,52

44 Montgomery, AL 48. 14 4.65

46 Vicksburyg, MS 48.09 4.88

45 Meridian, MS 46.69 4.65

30 Columbia, SC 45.88 4.01

32 Augusta, GA 46.38 4.19

26 Hatteras, NC 46.01 4.33

Means (5) 44,52 4.76

6a ag Fort Saith, AR 41.12 2.22
6b 54 Dallas, TX 46.64 2.29
149 fresno, CA 47.13 1.73

55 Fort Nortk, TX 45,86 1.92

53 San Antonio, TX 52.31 1.78

51 Austin, TX 51.13 2.19

Means (6b) 48.61 1.98

Means (6) 47.36 2.02

7 125 Abilene, TX 45,49 1.12

- 134 -



Station Winter Winter

Region Code Station Temp. Precip.

128 El Paso, IX 45.99 .42

126 Amarillo, TX 37.32 .62

128 Albuquergque, NN 37.08 .45

127 Roswell, NM 40,06 » 54

124 Oklahoma City, OK 38.18 1. 11

Means (7) 40.69 71

8 37 Tampa, FL 60.65 2.74
150 Los Angeles, Ca : 56.89 2.08

S3 Corpus Christi, TX 57.32 2.13

Means (8) 58.29 2.32

9 130 Phoenix, AZ 53.43 .63
137 Yuma, AZ 58.38 .31

151 San Diego, CiA 57.69 1.22

52 Brownsvilie, TX 61.29 1.74

Means {9) 57.70 «97

10 36 Miami, FL 67.50 2.14
35 Key West, FL 70.28 1.82

Means (10) 68.89 1.98

11 142 Tatoosh Islands, WA 43.31 10.52

from the Carolina coast through the Gulf cocast of Texas.
- Region 4 showed higher than average winter temperatures
(51.37 degrees) when compared to regiocna 5, and was notice-
ably drier than its interior neightor (3.65 inches).
Increases in topography im region 5 best accounted for this
finding. Warmer and drier regions (8 aand 10) were found

equatorward of these southera regions., Region 8 had arn
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average morthly temperature value of 58.29 degrees and a
precipitation value of 2.32 inches. Eegion 10 was auch
varmer {68.89 degrees) and was slightly drier (1.98 inches).

From the Gulf coast of Texas, a transitional region
(6) <£fell between the wettar region to the souﬁh and the
cooler, dry region to the west. It was marked'by an average
temperature of 47.36 degrees and an average precipitation
level of 2.02 inches. Region 7 was a large climatic region
in the Southwest characterized by above average temperatures
(40.69 degrees) and very low precipitation totals (0.71
inches) when compared to the rest of the United States.
Region 9 was similar to region 7 in precipitation amounts
(0.97 inches), but temperatures were substantially higher
{57.7C degrees) in this southern Arizomna climatic type.

If the 0.700 phenon line was used to divide the
clusters, as used in the zonal case, the same numnber of cli-
matic regions eamerge. Although sixteen regions appeared to
be created, two single staticns regions, including Tatoosh
Island, ¥Washington, and Fort Smith, Arkamsas, dJere formed.
The large region {2) that extended from the Rockies to Illi-
nois was not broken into smaller sections. The two south-
western regions (7 and 9) were not subdivided, nor was the
interior southern regiom 5. The far southern regions 8 ard
10 were also not affected by shifting the phenon 1lirz to
0.700. Hovever, regions 1, 2, and 4 were divided into

smaller subregions in accordance with the shift in the phe-



non line.

The large northeastern region (1) was divided into
three distinct regions. The New England subregion (1a) was
distinquished by the greatest precipitation amounts (3.73
inches) for the region. The southern one half of region 1
{1b) das differentiated by wvarmer temperatures ({35.66
degrees) wvhen compared with all other stations in the
region. The southern Great lakes secticn (1c) was the cool
{25.98 degrees) and dry (2.33 iaches) pcoertiorn of the entire
region.

The Gulf coast region (4) was separated into two
subregions. Region 4a represented most of the stations in
the coastal group and was characterized by temperatures in
the upper 40*s and low 50's and precipitation <from 3.00 to
3.80 inches. The three stations of 4L vere distinquished
from the rest by substantial increases in precipitation
(4.59 inches).

The northern Plains region (3) was divided into two
subregions as well. Only two stations formed region 3a
which vas mark=sd by extremely cold temperatures (12.85
degrees) . Subregion 3b made up most of the area and mest of
the stations in region 3, and was characterized by very cold
vintertime temperatures {17.97 degrees) and relatively dry
conditions ({0.90 inches).

The findings from this section suggested that large,

regionally homogeneous wintertime climatic regions could be
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developed for most of the United States given ten year
climatic averages. Only along the West coast did these
large regions fail to develop. When tsenty year zeans were
used to form the coabined 2zomal - wmeridional climatic
regions, a similar pattern developed. However, ia this
investigation, the focus cf this secticn was not to demon-
strate that wintertime-component climatic regions could be
developed, but was to show how climatic regions changed
their configuration as the gemeral circulation of the atmos-

phere shifted from a zomal to a meridiomnal pattern.

Comparison of Zonal to ¥eridional Climatic Regions

By comparing the results of the zonal groupings to
those for the aeridional period in a general way, a number
of interesting patterns developed. Lookirng at the ten
regions for each time period (see Figures 22 and 25), the
most striking difference was that the large interior region
{(4) 1in the =zonal period did not extend as far eastward in
tke meridional period. The entire scuthern Great Lakes
region was covered by this climatic type only 4ixn the zonal
period, Precipitation values in the two comparative
regions, zonal region 4 and meridiomal region 2, showed the
meridional regior to be drier. The meridiomal region was
also slightly drier that the zonal regicm 4, These findings
supported Borchert's (1971) <report that the "prairie wedge"®

extepded farther eastward during the zonal period.
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The very cold continental intericr region (3 in both
cases) #®as not as extensively developed in the zonal years
as in the aeridional period, when 1large sections of the
Great Lakes region were encompassed by this type. 2 dis-
cussion in Chapter IV showed this to be an area wheres temp-
erature fell sharply betvween the two time periods, causing
this climatic regiomn to expand sigpificantly during the mer-
idional years. Zonal region 3 was slightly drier, by
approximately one inch, than the comparative meridional
region 3a.

The cool, felat1731y moist New Engiand regiomn (1 in
the zonal period) was shown to reatly expand ir the meri-
dional period, reflecting an increase in precipitation for
the area in the meridiomal years. Mﬁch of the area around
the Great Lakes, where during the zopal years 4dry coanditioans
existed, was dominated by ths northeastera climatic type in
the meridional years.

A region separating the northeastern from southeast-
ern climafes in the zomal period (2) disappeared in the mer-
idiopal years, indicating a dacreased north-south gradient
in climatic elements in the meridional years in this r=gion.
Some remnant of the zonal region 2 existed ir the Zform of
meridional regioa 1b.

The large region (5) covering most of the South in
the zonal years appeared in the meridional period with a

smaller areal extension. Similar patterns on the maps could
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be found for most of the other regions around the country.
Panhandle Florida had two types of climate that were similar
in both periods. Southern Texas displayed climates that
vere similar to those of Florida ip both periods, and the
entire Southwest displayed nearly identical boundaries for
both sets of years. A transitional climatic type (6)
appeared in the meridional period that did not exist ear-
lier. For both time periods, the entire California coast
showed a great deal of spatial variaticn in the tyres of
climate represented, but with the same general patterns for
each period. The diversity of climatic types along the
Pacific coast wvas found in most of the ccmmonly used classi-
fications used in climatology.

By overlaying the meridional and zonal maps (Figures
22 and 25) along with the mean set of ciimatic regions (Fig-
ure 20), the regions in the United States that appeared to
fluctuate in their clustering with other stations becanme
appareat, 4 wedge extending frcm the southern shceres of
Lake Michigan southward to the Ohio River and esastward into
western Pennsyljania was an area that duriag the zcnal years
was connected to the large continental winter climatic type.
In the meridional period, and during the combined period,
this same wedge aligned with a Northeastern type of winter
climate. The very cold climatic regicn of the Northern
Plains appeared to contract on the average o¢f about ozme hun-

dred @ailes alcng 1its southern margins during the zogal
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period.

Clipatic regions in the Texas, Oklahoma, Arkanmsas,
and Louisiana Tregiomns produced different orientations -
between the periods. In the zonal period, the major axis of
the regions was in the northwvest-southeast directiorn, indi-
cating a climatic gradient along the prevailing southwest-
northeast wind-flow pattern. The axis of the alignment
shifted to a southwest-northeast directicn in the meridional
period, reflecting a shift in the prevailing wind direction
of the flow aloft.

A large region extended from the mid-Atlantic states
westward through Kentucky divided into a separate climatic
region in the zonal period, indicating a stronger north-
south gradient in the climate configuratiom of this region
during periocds of zopal circulation. This region became
part of the large Northeastern winter climpatic region during

the meridional and average periods.

Results and Analyses from Shape Tests

To gquantitatively analyze changes in the resulting
climatic regioans, a shape measurement representing a ratio
betveen the north-south and Wwest-east major axes was
obtained for each region, and for =ach subregion (Table 10).
These measurements were made to test the hypothesis <that
climatic regions were more elongated in a west to east

direction during periocds cf zonal flow. In association with
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a shift to a meridional pattern, the climatic regions were
expected to become 1less elongated along west _to east axes.
To avoid the extéemely variable pattern cf the Pacific coast
and to allow all regions to change shape without the inter-
ference of the Rockies, only the regions that extended east-
ward of the Rockies vwere used in the shape measurements.
Using the ten region configuration as a base, the average
ratio in the zonal period was 0.84 and the mean shape in the
meridional reriod was 0.83. Although the differnce was not
significant (t = -0.03), the decline in 'thé average ratio
value was opposite of what was expected. The hypothesis
tested stated that shapes of the regions would be more elon-
gated in the west-east direction during the zoral period. 2
significant increase in the shaps measures was expected to
confirm this hypothesis, and with simple averages using ten
regions, this was certainly not foung. However, if <the
shapes were weighted according to the area of each resgicn,
an increase from 0.31 to 0.35 was observed irn the average
skape values, A t-sccre repra2senting the difference in
these means was calculated to be 0.27, well below tke 2.10
value needed to be significant at the 0.05 confidence level.

When the. fourteen region scheme was used, the
unwveighted mean shape value increased frem 0.77 to 0.85 with
a t-score of 0.43, Again, this value was not statistically
significant. A veighted test produced a slight decrease in

the means with a t-score of -0,07.
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Table 10

Shape and Area Measurements for A1l Regions

Zonal Weighted Meridional Weighted
Regions Shape Area Shape Regions Shape Area Shape
1 «50 30 .15 1 .80 .94 75
2 43 «50 «22 2 .50 1.74 87
3 56 <40 22 3 29 .83 24
4 «37 2.41 83 4 .70 .36 «25
5 «65 55 «36 5 .66 .48 .32
6 2.00 .04 .08 6 1.43 «25 356
7 .83 «21 <17 7 68 «56 .38
8 1.00 .18 .18 8 60 .07 0L
9 .68 «56 .38 9 «65 .24 .16
10 1.35 «36 .43 10 2.00 .04 .08
Mean .84 «31 .83 «34

Std.
Dev. «28 .06 25 .07
12 .50 .12 .06 ia 2.0C .13 26
1b .29 .18 .05 1b «57 44 25
2 43 «50 22 1c «61 - 37 23
3 .56 .40 «22 2 .50 1.74 .87
8a .64 1,456 .93 3a 51 .16 -~ .08
4p .58 95 55 3b .33 .67 22
Sa 75 .17 .13 ba 1.37 27 <32
5b «63 .15 .09 4b «25 .09 .C2
S5c «57 «23 .13 5 <686 .48 32
6 2.00 .04 .08 6 1.43 «25 <35
7 .83 .21 <17 7 .58 .56 .38
8 1.60 .18 .18 8 .50 .07 .04
9 <68 586 .38 9 65 .24 .16
10 1.35 <36 .49 10 2.00 .04 .C8
Mean .78 <26 .85 .26
Std.
Dev. «19 .06 <43 <04
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Por this entire chapter where the changes in
climatic regions between two selected time periods were
examined, the following could be concluded. Pirstly, tkhe
results showed that homoggneous winter climatic regions
could be produced for both time periods. Analyses demon-
strated that greater distances existed, in climatic space,
between the climatic groupings in the meridional period when
compared to the distances for the zonal years. Examination
of the maps of zonal and meridional regicns showed that many
stations were grouped differently in the two time periods.
Evidence of the extension of the "prairie wedge™ was found
in the zonal period as stations as far eastward as Pennsyl-
vania were clustered with stations in the Rockies., A very
coia climate region located in the northern Plains expanded
substantially as the circulatioan shifted ¢to a meridional
pattern. A large mid—-Atlantic <climatic rsgion appeared in
the zonal period, but was part of the larger Northeaster:z
region in the meridional period. The orientation c¢£f the
climatic regions in the southern Plains appeared +*o shift
with a change in the general circulation.

In general, wmany of the changes in climatic regions
folloueé logically from th2 cnanges fcund in the climatic
elements analyzed in Chapter IV. The changes that were
found in the climatic regions could be explained ia terms of
a shift in the pattern of flow for the gemeral circulation

of the atmosphere. Measurements of shape could not demon-
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strate that a significant changed occurred between the two
time periods in the elongation of the regions in the west-

east direction.
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CHAPTER VI

THE DEZVELOPMENT OF REGICNS BASED UPON

CHANGES IN CLIMATIC ELEMENTS

Introduction

In this fipal seccion of the investigation, statis-
tical techniques vere usad to produce homogeneous regions
based on the changes in selected climatic elements. These
regions could be developed only if changes in the circula-
tion of the atmosphere produced relatively consistent fluc-
tuations in the climatic configuration in an area. It was
hypothesized that distinctive types of changes would occur
in specific, identifiable regioas acrcss the United States
in association with a shift in the general «circulation of
the atmosphere. Bach "type® of climatic chaage could then
be characterized, and the resulting regions could then be

analyzed.
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Results and Analyses from Preliminary Attempts to

Prodmce "Change™ Regicts

The first attempt to produce regions based on
changes in the coanfiguration of climate for the United
States utilized the entire climatic change matrix data set.
Using principle-componeants factor analysis, the entire
matrix was condensed into five components (these were pres-
ented in Chapter 1IV). The factor scores from thes2 five
components provided the data base upon which the clustering
algerithn was perfornmed.

At any distance level chosen, the results of the
clustering were umsatisfactory. For example, when the phe-
non line was selected that separated <the clustering into
eleven groups, one hundred twenty-seven stations formed one
large group, the remaining twenty-four formed the other ten
groups. Of these, five foraed single station regions, angd
the remaining five groupings did not rroduce homogeneous
Tegions. éome clusters included sucﬁ odd combinations as
Birmingham, Alabama and Seattle, Washington, Havre, Montana
and Roseburg, Oregon, <r New Orleans, Louisiana and Port-
land, Oregon. Consistently throughout this study, if %oo
many variables entered the clustering procedure, the results
were often confused. In this case, several [rroblems
accounted for the unacceptable clustering. Of the five fac-
tors utilized, two represented changes in wind measures

which in Chapter IV were shown to produce a pattern of lit-
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tle to 1no spatial homogeneity. These wind measures
represented forty per ceant of the variable mix, so the con-
fused clustering pattern was expected. Also, although all
variables were standardized, a small decreasé in precipita-
tion in an arid area produced exactly the same data value as
a moderate decrease in a humid region. Sigilarly, a small
rise in temperature in a cold climatic region produced the
same value as an increase in temperature in a warm climatic
regicn. Examples could be extended for all factors, but the
essential problem was the same: this type of clustering did
not take into account the type of climate existing prior to
the time of the climatic fluctuation.

To eliminate the first prcblem, cone of too many dif-
ferent variables confusing the pattern, cnly temperature and
precipitation components were usad in the clusterirng. The
rasults vere, in many ways, similar to those obtained whan
all five <components were clustered. Cnce again, phenon
lines continued to separate the clusters 3into one large
group ard many very small groups. For example, when eleven
clusters were created, well over half of the stations (84)
fell into one group. Four stations formed single station
regions and for the first time in the entire study, Tatocsh
Island, Washington, was grouped into a cluster of statiomns.
Figure 27 displays the spatial pattern of the results. The
one large grouping (1) appeared across the entire map, the

remaining groups showed ac propensity towards spatial homo-
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geneity. The pattern ccotained a great dezl of "noise®
wvhich may have contributad to these poor results. To allev-
iate this problem, the data values calculated by sixth—-order
trend fittings to these factors were clusterad and the
results ware mapped.

Pigure 28 displays the results ocf +this procedure,
and in general, the problems of FPigure 27 remained. Eighty-
two stations fell into omne large group, saveral single sta-
tion regions developed, and the spatial rattern showed lit-
tle spatial homogeneity. Stations from the largest cluster
(1) could be found across the nap along with stations from
the next largest grouping (2). These findings stroagly sug-
gested that the climatic configuration existing before the
fluctuation must be consiaered to obtain any interpratable
groupings of stations. In practice, any climatic ysar or
other time pericd could be used, just as long as some Wweight
#as given in the clustering to stations which had similac

"base” climates.

The Resulting Climatic Change Regions

To obtain a base of ciimatic similarity, a number of
procedur=ss could be utilizead. Por exanple, statlions with
the same Xoppen or Thornthwaite classification type could be
assigned identical values, giving some weight to statiomns
that w@ere climatically similar. Mean teamperature and pre-

cipitation values froam any time period could also be used.
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However, in this study only winter data were used, limiting
the choices. Therefore, the principle-component factor
scores for temperature and precipitation data from the zonal
period were included in the matrix of values of temperature
and precipitatioan change from the change matrix. This
matrix showed the change in the most commonly used elements
in climate and contained elements which have already been
shown (in Chapter V) to produce a spatially homogenecus pat-
tern.,

Before the four variables could be clustered using
the Buclidean distance algorithm, insignificant correlations

between th2 elements must be demonstrated. The correlation

Table 11
Correlation Matrix of Zonal Pactor Scores and

Precipitation and Temperature Change Values

1 2 3 4
1. Factor 1 (Temp) 1.00 0.00 13 -.05
2. Factor 2 (Precip) 1.0C -.05 .17
3. Temperature Change 1.00 .06
4. Precipitation Change 1.00

matrix in Table 11 displays the resuits. With one hundred
forty-nine degrees of freedom, any abscluts value greater
than 0.16 1in the correlation matrix was statistically
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significart at the 0.05 confidence level, At this level,
only onme correlation value (0.17) between Factor 2 and Pre-
cipitation Change was significant. However, a correlation
coefficient of 0.21 was regquired to be significant a the
0.01 confidence level. In that the 0.17 correlatiozn value
was barely significant at the 0.05 level and was ﬁot signif-
icant at the 0.01 level, the correlation was not regarded
significant. Such.a small corrslation would produce little
effect on the clustering results.

Once orthogorality of the axes wvas confirmed, the
clustering algortihm was applied to the data. The cluster-
ing was the same as thosé used previously where distances in
Buclidean space provided the basis for the grougpings. The
centroids of the groups became the pcints in n-space for
which wungrouped stations or other groups were compared.
Figure 29 is the linkage tree that resulted <frem the clus-
tering. The ccphenetic correlation was 0.89, de2monstrating
that little distortion existed between real distancas and
impiied distances on the tree, Any npumber of phenon lines
may have been selected tc divide the clusters. An attempt
wvas made to produce between ten and twenty groupings as ore
hundred fifty-one stations were used in ali, and an attempt
was made to break the clustering at scme discontinuity in
the size of the distance levzals, Such a discontipuity, or
jump, occurred between the 1.43 and 1.55 distance level;

therefore, the 1.50 phenon line was selected. It appeared
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that +this line divided the 1linkage tree into twenty-two
distinctive clusters or groups, however, in eight cases,
single station regions occurred. These include Portland,
Oregon, San Francisco, California, Denver, Coiorado, Duluth,
Minnesota, Lander, Wyoging, Saa Diego, California, Yuna,
Arizona, and Tatoosh Island, Washington. This left fourteen
regions formed not only on the basis of climatic similarity,
but also upon similarity in the type of climatic fiuctuation
that occurred in association with a change in the flow pat-
tern of the uprer atmosphere.

Once the clusters were plotted onto a map to produce
regions based on <change, it became cbvious that much more
regional homogeneity wvas present when ccmpared to previoﬁs
attempts where the zonal climate compcnents were not uti-
lized. 0f the fourteen clusters of more than one station
found on the linkage tree, ¢tvwo (16 and 18) did not produce
bomogenecus regions, leaving twelve regions in all for fuc-
ther analyses (see Figure 30). The single station regions
vere elinminated as the validity of any interpretation in
these cases was questionable. Table 12 contains a listing
of the stations that fell into <each region along with the
temperature and precipitaticn t-scores and mean wmorthly
absolute change values.

To aid in the characterizatiocn each of these twelve
regions, the centroids for =sach were ccmputed and displayed

in Takble 13. The scatter diagrams used in Chapter ¥ ware
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Table 12

Listing of Temperature and Precipitation t-scores and

Change Values by Change Regions

Station Temp Brecip
Reg Code Station t Diff t Diff
1 1 Portland, M2 .09 .08 .06 .03

2 Concord, NH .19 24 .06 .02

11 New York, NY «23 .24 .00 .03

8 New Haven, CT -0.19 -0.17 -0.32 -0.11
Heans (1) 018 010 "0.05 -0001

2 109 Billings, HNT «26 51 1.86 «23
111 Helena, MT <50 .11 .S58 .09
117 Sheridan, <Y .03 .09 -0.79 -0.08
136 Boise, ID «27 <48 .25 .04
137 Pocatello, ID .18 .30 .08 .01
134 Salt Lake City, UT .04 .10 -0.35 -0,.08
139 %alla ¥alla, WA «62 .92 «55 .14
132 Reno, NV -0.19 -0.28 71 «22
140 Yakima, W2 -0.58 =-1.01 .88 .21
135 Grand Jurnction, CO -0.31 -0.448 «28 .03
114 Rapid City, SD -0.49 -0.64 1.02 .05
Means (2) .03 .10 .50 .08

3 12 Harrisburg, PA -0.98 -1.10 1.35 - 46
138 Spokane, Wi -0.70 -1.22 1.85 <59
112 Missoula, HT -0.85 -1.50 1.73 27
113 Miles City, NT -0.70 -1.54 1.7¢ .15
88 Bismarck, ND -0.69 -1.81 1.90 «11

q 6 Providence, RI -1.30 -1.32 .81 «33
7 Bartford, CT -1.15 -1.38 .13 .08

16 Atlantic City, NJ -1.51 =-1.71 .29 .18

19 Washington, DC -0.98 -1.08 -0.32 -0.07

95 Cairo, IL -0.80 -0.88 «25 .19

67 Cincinnati, OH -1.25 =1.45 «33 «15

70 Parkersburg, SV -1.00 -1.23 «13 .07

65 Evansville, IN -0.96 -7.10 .49 «25

64 Lcuisville, KY -0.93 -1.20 .50 21
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Station Temp Precip
Reg Code Station t Diff t Diff
23 Asheville, NC -0.57 =-0.73 <26 .10
143 Medford, OR -0.75 -(.78 «76 «51
25 Greensboro, XNC -0.75 -(.88 1.27 .48
69 Dayton, OH -0.97 -1.21 -0.26 -0.09
84 Chicago, IL -0.97 -1.22 -0.40 -0.11
77 Toledo, OH -1.32 -1.75 .56 «17
78 Port Wayne, IN -0.81 -1.01 «26 « 11
76 Cleveland, OH -1.08 -1.51 «32 .09
79 Detroit, NI -0.48 -0.54 .48 .13
17 Trenton, NJ -0.31 =-0.30 .67 .27
72 Buffalo, NY -0.76 -0.87 «57 «20
74 Syracuse, NY -0.33 =-0.35 .01 .02
9 Albany, NY -0.25 -0.31 .68 .21
83 Sapnlt Ste. Marie, MI -1.80 -2.19 58 <11
108 Buron, SD -1.63 =-2.90 .90 <10
71 Pittsburgh, PA -1.66 =2.26 «29 .11
68 Columbus, OH -1.74 -2.37 .78 «27
66 Indianapolis, IN -1.42 -1.77 1.18 <47
75 Erie, P2 -1.67 =-1.95 1.07 .30
15 Scranton, P2 -1.76 =1.94 1.34 39
20 Lynchburg, va -31.87 ~2.06 -0.36 -0.,08
13 Philadelphia, Pa -1.64 =-2.00 -0.32 -0.10
82 Marguette, MI =-1.37 -1.71 -1.35 -0.18
96 Peoria, IL -1.55 -1.87 -0.77 -0.29
107 Sioux City, IA -1.30 -1.54 -0.15 =-0.01
86 Milwaukee, WI ~-1.66 -2.14 -0.15 -0.04
90 Minneapolis, MN -1.10 -1.75 -0.93 -0.13
89 williston, ND -0.59 -1.30 .10 .01
110 Havre, NT -0.49 -1.20 .06 .00
3 Burliagton, VT =-0.45 -0.54 -0.28 -0.07
Means {4) -1.07 -1.35 e 20 - 11
5 24 Charlotte, NC -1.16 =-1.48 -0.12 -0.03
117 Nevw Orleans, LA "3.47 -2.27 -0008 -0.00
28 Wilmington, NC -1.17 -1.40 -0.38 -0.15
44 Montgomery, AL -1.29 -1.88 .14 .10
147 Sacramento, CA -0.75 -0.63 -0.26 =-0.21
58 Port Arthur, TI -0.93 -1.14 -0.62 =-0.34
41 Pensacola, FL -0.87 =-1.25 .00 0.03
45 Meridian, HS -1.05 =-1.54 -1.04 =0.60
45 Vicksburg, MS -0.95 -1.13 -0.64 =-0.43
256 Hatteras, NC -0.87 =-0.9%6 -0.456 =-0.23
43 Mobile, AL -0.98 -1.43 1.18 .60
141 Seattle, WA -0.09 -0.08 1.39 .66
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Station Temp Precip

Reg Code Station t Diff t Diff
39 Macon, GA -0.23 -0.27 ~49 «32
145 Roseburg, OR -0.74 =-0.69 «98 «99

£2 NX2mphis, TH -0.57 =-0.02 .18 «13

31 Greenville, SC -0.63 =-0.71 +48 «29

136 Eureka, Ci -0.03 =-0.02 «07 .08

60 Chattanocoga, TN -0.50 -0,.66 -0.56 -0.43

42 Birmingham, AL -0.56 =0.73 ~-0.25 =-0.18

6 144 Portland, OR -1.80 -1.87 -0.74 =0.58
7 49 Fort Smith, AR -0.43 -C.46 -2.06 =-1.19
48 Shreveport, LA -0.55 -0.54 -1.48 -0.90
Means {7) -0.49 -0.50 -1.77 -1.04

8 148 San Francisco, CA -2.20 =1.92 -0.41 -0.33
9 30 Columbia, SC -1.32 =-1.75 2.38 1.44
29 Charleston, SC -1.61 =2.02 <49 34

32 Augusta, GA -1.47 -1.99 1.14 .78

27 Raleigh, NC -1.87 =-2.03 o 72 30

22 Richmond, Vva -1.55 =-1.67 1.41 «53

21 Norfolk, VA -1.88 =2,15 1.48 <46
Means {S) -1.70 =-2.04 1.13 « 54

10 5 Nantucket, M:A -0.37 -0.31 2.25 .74
4 Boston, H2a «12 «11 1.82 »89
Means (10) -0.10 -0.170 2.03 .81

i1 115 Cheyenne, WY - 16 «20 -2.36 -0.25
122 Dodge City, KS -0.27 =-0.27 -2.44 =0.35
120 Pueblo' CO «02 .01 -1.33 =-0.09
129 Albuquergue, HNX -0.35 -0.19 -0.35 -0.04
126 Amarillo, TX -0.19 =-0.21 -6.81 -0.19
105 Omaha, NB -0.98 -1.03 -0.94 -0.20
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Station Temp Precip

Reg Code Station t Diff t Diff
133 ¥innemucca, XNV -0.713 -0.24 -0.93 -0.17
Means (10) -0.38 -0.40 -1.31 =-0.22

12 35 Key West, FL -0.81 -0.81 «32 .16
36 Miami, FL -0.73 -0.71 <46 «22

53 Corpus Christi, TX -0.64 -0.63 .54 .31

52 Brecwnsville, TX -0.53 ~-0.5% «39 « 28

37 Tampa, FL -1.22 -1.58 38 «23
Means (12) -0.79 -0.85 ~42 «23

13 59 San Antonio, TX -0.35 -0.29 -0.09 -0.01
149 Fresno, CA -0.83 -0.74 «12 .06
125 aAbilene, TX -3.63 -0.49 -0.49 -0.14
130 Phoenix, AZ -0.66 =-0.63 -0.56 -0.13
128 El1 Paso, IX -0.35 =-0.40 -1.24 -0.13
127 Roswell, NM -1.26 =-1.59 -0.59 ~-0.08

54 pallas, TX -0.28 -0.20 -0.68 =-0.42

150 Los angeles, CA -0.28 =-0.27 -1.20 -0.86

55 Fort Worth, TX -1.24 =-0.89 -1.04 =-0.51

40 Apalachicola, FL -0.80 -1.08 -1.08 =G.55

56 Galveston, TIX -0.80 -0.88 -0.73 -0.39

57 Houston, TZX -0.72 -C.76 .12 <11

34 Jacksonville, PL -1.33 -1.86 -0.17 =-0.05
Means (13) -0.69 -0.72 -0.59 -0.24

1% 119 Denver, CO -1.68 =-2.11 1.61 .18
15 80 Alpena, MI -2.40 =-2.93 -0.95 -0.20
93 Des Moines, IA -2.40 =-2:93 -1.16 =-0.28

98 St. louis, MO ~2.56 =2.62 -1.07 =-0.31

97 sSpringfield, IL -2.50 =-2.70 -1.22 =-0.33

85 Green Bay, WI -2.24 ~-3.10 -1.92 -0.28

99 Columbia, MO ~1.75 =-1.61 -1.69 -0.44

118 North Platte, NB ~-2.38 =-2.75 -0.56 =-0.05
124 Oklahoma City, OK -2.52 =1.67 -2.09 =-0.54
103 Topeka, KS -2.70 =-2.38 -2.71 =-0.68
101 St. Joseph, M40 -2.03 -2.04 -2.78 -0.63
106 Valeatine, NB -3.49 -1.71 -2.11 =C.21

92 Madiscn, ®I -1.56 -2.14 -2.59 =0.41
Means {195) -2.21 =-2.38 -1.75 -0.36
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Station Temp Precip

Reg Code Station t Diff t Diff
18 123 Hichita, KS ~-1.26 -0.98 -3.58 =-0.76
Means {16) -0.99 -1.07 -3.53 -0.60

17 87 Duluth, &N -2.49 ~3.71 1.81 .19
18 18 Baltimore, 2D -3.10 -3.50 -0.50 -0.14
81 Grand Rapids, MI -2.88 -3.02 «50 .12

10 Binghaaton, XNY -3. 16 -3.63 <43 .14
Means (18) -3.14 ~3.59 .10 .03

19 116 Lander, WY 1.13 2.04 -0.2%9 -0.03
20 151 San Diego, CA 1.246 1.13 -2.22 -1.01
21 131 Yuma, AZ 1.26 1.27 -0.63 -C.08
22 132 Tatoosh Island, WA -0.38 -0.45 1.13  1.03

inappropriate here as these clusters were produced in a four
dimensional model. The means for centroids presented in
Table i3 came from standardized variables. Table 14 pres-
ents the means and standard deviations ¢f each variable in
the clustering algorithm, and aided in the intrepretation of
the resuits. Temperature and precigpitation values vwere
averages, through space, <£for the ten year zonal means froa
each station for each winter month. Factors 1 and 2 were
derived from these measures. The tepperature change and
precipitation change values were the averages, through

space, of the t-scores calculatad £for each of these varia-
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Table 13
. Centroids for Clusters of the

Twelve Change Regions

Factor 1 Factor 2 Tenp Precip

Region (Temp) (Precip) Change Change
1 -1.04 .82 1.22 .03
2 -0.38 -0.94 1.16 .53
3 -0085 -0066. . .18 1.63
4 -0.67 .06 -C.16 .31
5 .54 1.34 =20 .17
7 <50 .94 <54 -1.52
9 .80 21 -C.91 1.10
10 -0.868 .86 97 1.91
11 -0.16 -0.94 -66 -1.11
12 2.68 -1.07 .18 .46
13 1.38 -0.49 «30 -0.46
15 -0.53 -0.56 -1.52 -1.50

bles at each station.

The northern New England region (1} was character-
ized by temperatures arcund 25 degrees, which were a full
standard deviaticn below the national mean. Precipitation
values wvwere generally above 3.00 1inches, which wers well
above the national averages. The most significant feature
in this region was that temperature om average, showed an
absolute increase of 0.10 degrees between the time periods.
Precipitation values repained essentially wunaltered (a
decline of 0.01 inches for an average). The stations in
this grouping were located ir New England, all near the
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Table 14§
Means and Standard Deviations of Variables Used

As Input in the Clustering 2Algorithnm

Variable Mean Std. Dev.
Tenmp (D, 2) 38.03 11.41
Temp (J,3) 33.96 12.32
Temp (¥, 2) 37.17 12.46
Precip {D,2) 2.58 1. 68
Precip (J,2) 2.35 1.43
Precip {F,2) 2.27 1.46
Temap. Change -0.94 .84
Precip. Change -0.09 1.11

coast. The type of change observed here was the kind that
would be expected as the circulatior changed. Duriag the
zoral period, <fewer tropical air masses were able toc pene-
trate to this northerly location. ¥ith an upper 1level
trough located over the midwest in the. meridional ceriod,
New England would often be locateé ahead of the trough,
allowing the advection of warmer air masses. The region
fell along the exit path of wmost cyclecnic storms in the
Bnited States, ard as result, a good amocunt of precipitation
could be expected under most circulation types.

Region 10 represented a acre severe case when con-
pared to the staticms in region 1. Soth stations that

formed this type, Boston and Nantucket, Hassachusetts, were
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aore oceanic than the stations c¢f regiom 1. The oceanic
effect moderated the temperatur2s as seen in the <factor 1
value of only -0.68, and during the zonal period, precipita-
tion values were comparable to those for region 1. The
temperature change was similar to the New England case (a
small decrease of 0.10 degrees was the average), but what
differentiates these stations was the large increase in pre-
cipitation of 0.871 inches as the circulation shifted from a
zonal to a meridional pattern. Since this region was nor-
mally well ahead of the midwestern trough, divergence aloft
encouraged vertical moticn in the atmospaere. These two
stations were close to the sea where a good amount of mois-
ture was readily available to the atmosphere. The upper air
support triggered more precipitation, explaining the large
increase in precipitation which distinquished this regionm.
Falling beneath the trough that developed more fre-
quently irn the midwest in the nmeridional period was a large
regicn (4) that was broken into two sections. The =astern
section extended from the southerr shcres of Lake Superior
southward to the Ohio River and extended eastward to the
Atlantic coast. The type of change associated with this
region was a drop in temperature o¢f 1.35 degrees on avarage
which was over one standard deviation, and an increase of
0.11 inches 1in precipitation. The decreased temperatures
could be explained by the advection of polar air masses

beneath the upper level trough, The increase in precipita-
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tion wvas attributed to greater -efficiency of the
precipitation forming processes. These stations £ell along
the storm tracks of the meridional period and would receive
greater numbers of cyclonic storms as result. The same
explanaticn could be extended to include the westera section
of this climatic change region.

A distinctive climatic change grouping (15) was
found between the two sections of region 4. The zonal temp-
eratures were very similar to those found in region 4, but
conditions were substantially drier in region 15 compared to
surrounding regioas, The changes that cccurred in climate
markedly separated these two adjacent regions. For region
15, temperatures fell an average of 2;38 degrees and the
average t-score vas -2.21. The zopmal configuration apparc-
ently allowed greater frequescies of warm, aT air masses to
penetrate into this region. The advection of coolar air
masses into this region accounted for the large decline ir
temperature. Along with the large declins in teamperature,
precipitation decreased an average of 0.36 inches. For all
stations in this region, two <factors contributed to this
finding: {1) these stations w=2re located just ahead of the
upper level ridge over the Rockies where convergence in the
flcw inhibited vertical motions and precipitation formation,
and (2) the +tremendous decline in temperature limited the
amount of moisture the air masses contained.

Adjaceant to this regicn was cluster 11 where temper-
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atures declined on the average of 0.40 degrees, and a
decline in precipitation of 0.22 inches was observed. The
average station in this region shcowed a d;op in precipita-
tion between the two time periods of over one standard devi-
ation. Temperatures on avefage fell about one half of one
standard deviation. The large decline in precipitation
could be explained by the location of the region relative to
the semi-permanent upper level ridge over the Rockies during
tke meridional period. Region 11, just as region 15 (see
FPigure 30), was located ahead of the ridge where convergence
aloft inhibited precipitation forming prccesses. One of the
more striking features of this region was its proximity tc
regions 4 and 15 on its eastermn side. Regicn 4 displayed
much greater temperature decreases and a slight increase in
precipitation; region 15 showed an enormous decrease in
temperature and precipitation. By comparing the character-
istics of change for these three regions, it became apparent
that this area of the country coatained a steep gradisnt in
a climatic change surface. Within only a few hundred miies,
very different mtypes® of climatic changes could be
observed.

Continuing the survey of regions acréss the morthern
one half of the United States, the next region encountered
{2) vas one dominated by an absolute incresase of 0.10
degrees in tenmperature associated with a shift in the circu-

lation pattern. Warm air advectiona beneath the ridge over
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the Rockies was responsible for the increase in temperature.
These stations did, however, 1lie on the western margin of
the upper level ridge where divergence aloft was supporting
precipitation forming processes, explaining the increase of
0.80 inches determinad £cr precipitation values.

To the nortk of this region was a small, broken
region {3) dominated by a large increase in precipitation of
0.30 ;nches. The high pressure ridge over the Rockies
forced cyclonic storms from the Pacific to pass over this
northerly lccation during the meridional period, accounting
for the increase in precipitation determined £for this
region. Temperatures in this region fell an average of 1.37
degrees.

The next region encountered (5) was one found in the
Northwest and throughout the Americaa South. Both of these
areas showed above average temperatures and precipitation
levels for the zonal period. Averages for the change meas-
ures dexonstrated that temperatures generally decreased
approximately one degree which Trepresentad abcut three
fourths of one standard deviation for each station. 2
higher frequency of cold air influx iato the South explained
this decrease2 1in temperatures, Warm sea surfaca2 tempera-
tures in the North Pacific produced a deep trough over the
Pacific allewing for cold air advection 3in the Northwest
{Namias, 1970). The greater frequency of polar air masses

explained the drop i:r temperatdte over the Northwest. The
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increase in precipitatican for the stations in group 5 was
small (0.08 inches on average), indicating 1little change
between the ¢two periods- in this elesment. The Northwvest
receivyed sufficient moisture in most types of circu}ation;
the South received a greater number of cyclonic storms in
the merdional period, counteracting any decreases in precip-
itaticn that arose from a loss in convective activity asso-
ciated with a decrease in temperature.

Planking both sides of the coast inp Region 5 in the
South were the stations from cluster 9. It wvas a change
region marked by very large drops in temperature of over
2.00 degreés and substantial increases in precipita*ion of
0.54 inches. The changes observed in the =more southerly
region 5 were greatly accen&uated thrcugkout this region.
This was a region that fell just ahead of the seai-permanent
trough of the uwidwest, in a locatiorn where maximum diver-
gence occurred in the upper levels of the troposthers. It
is well-known by synoptic meteorologists that 1lcw pressure
systems at the surface are often positioned ahead of the
center of the low pressure system in the upper levels (Pet-
terssena, 1958:160-163). This regior (9) would freguently be
found in this position during the meridicnal period. The
cyclonic systems passing through region 9 carried with thenm
the cooler air nmasses, causing the decreases in temperature,
and greater amounts of precipitatiosn. The precipitaticen

increase was particularly bhigh 1in +this region due to
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iacreased moisture availability associated with its coastal
locatiocn.

Region 12 covered all of southern Florida and the
southern coastal section of Texas. It was a climatic type
dominated by extremely high temperatures when ccmpared to
the rest of the United States, and relatively low precipita-
tiorn amounts. During the winter moanths, cyclonic storas
generally passed unorthward of thase areas, and convective
activity was at an annual aminimum., Combined, these two fac-
tors kept winter precipitation levels lcw in these southerly
loca tions. The changes that occurred in these regicns were
relatively mild compared to most of the Orited States.
Temperature values showed a decr2ase of 0.85 inches, which
wvas pot of the same magnitude of most of the eastern United
States. Precipitation values increased 0.23 inches, which
was almost one half of one standard deviation, indicating
the passage of more cyclonic storms during the meridional
period.

Region {13) developed throughout the southern sec-
tion of +the Scuthwest, yet some statiorns in +his cluster
were also found ir northern Plorida. Warm temperatures and
low precipitation amounts characterized this region during
the zcpnal period. With the =shift in circulation came an
average decrease in temperature of 0.72 degrees. This rep-
resented a temperature decresase that was less than the val-

ues found for most of the UOnited States. This decrease in
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temperature did not reflect any substantial shift in air
mass dominance, but simply reflected the generally coolizg
trend across the United States. The decrease in precipita-
tion of approximately one fourth of one inch in the South-
west was associated with a stroanger, more persistent upper
level high pressure ridge in the meridicnal flow. The drier
readings in northern Plorida were, in all probability, asso-
ciated with decreased convective activity that vas coupled
with the decrease in temperatures.

The last cluster (7) to be discussed here was one
whose stations were found in northern Lcuisiana and Arkar-
sas. It was a transitional region between the Southern aand

the Southwestern regions (5 and 13). Zonal temperature axnd

2]

n

precipitation values were similar to those in region .
Temperatures in this region generally decreased one haif of
one inch on average. what distinguished region 7 was the
large decline in precipitaticn of 1.04 inches which repre-
sented over one and three fourths standard deviations. The
precipitation change t-scor:s value was nearly identical to
the one for adjacent regica 15. Convergence aloft associ-
ated with the position of the stations relative to the high
pressure vestern ridge was the explanation for the decreass
in precipitation in both regions {7 and 15).

The following ccancluding statements could be made
from the analyses of this section. The clusteriryg of zonal

cemponents along with climatic change data could zTesult in
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the determination of large homogeneocus regions vwhose
stations appeared to change climatically in unison in asso-
ciation with a shift in the circulation of the atmosphere.
Twenty-two clusters were identified frcm the one hundred
fifty-one stations enteriny the cluster analysis, and of
these, twelve grcoupings produced regions marked by at least
two contiguous stations. The centroids of thes2 clusters
wer2 analyzed in conjunction with an appraisal of the loca-
tion of the resulting regions in the Ynited States. In each
case, the type of change appeared to be appropriats, or
expected, as the circulation shifted frcm a zonal to a m=ri-
dional pattern. Stations beneath the ridge over the Rockies
that existed in the meridional period generally became rela-
tively warmer and drier compared to the rest of the Orited
States. Those ahead of the ridge where convergence aloft
occurred with subsidence near the surface displayed extrene
decreases in precipitation. Staticns beneath the meridional
upper level trough 1in the midwest generally becanme anuch
cooler and wetter. Staticns ahead of this trough where div-
ergence aloft cccurred showed substantial iacreasss in pre-
cipitation. These findings strongly suggested that fluctua-
tions in the circulation of the atmosphere produced
regionally homogeneous changes in +the configuration of sur-

face climatic elements,
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CHAPTER VII

SUMMARY, CONCLUSIONS, POTENTIAL APPLICATIONS

AND SUGGESTIONS FOR FUTURE RESEARCH

Susmary

The primary focus of this investigation was to ana-
lyze how changes in the general circulation of the atmos-
phere were manifested <regionally in the surface climatic
elements. The major questions raised by such a focus were
addressed in tkree distinct sections. First, emphasis was
placed on displaying changes in a number of selected cli-
matic elements. Secondly, the changes that occurred in cli-
matic regions between periods dstinated by different types
of circulation vere explcered. Finaliy, an efrfort was nade
to produce regions based upon the type of climatic adjust-
ments made betveen circalation regimes.

Work by many investigators aided in the temporal
considerations in this study. The ten~year time period from

December, 1939 through Pebruary, 194S was defined as a time
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when +the circulation of the atmcsphere was predominantly
zonal. Ten years extending from December, 1955 through
Febraury, 1965 represented a period dominated by a meri-
dional flow pattern. Only winter data vwere uéed as the cir-
culation was much stronger,'and more vell defired during the
low-sun months.

Por one hundred fifty-one stations across the coter-
minous United States, climatic elements from threoe atmos-
pheric components, «c¢irculation, heat energy, and moisture
vere included. Tests of homogenaity demenstrated that dif-
ferential trends 1in the data did not exist in either the
zonal or the meridional period.
| The first of the actual hypotheses were tested in
Chapter IV where discriminant analyses were used to test *he
notion that surface climates vere distinctly different in
the two time periods. Seventy-eight per cent of the discri-
minant models were able to «correctly reclassify all but one
year, or better, intc the =2zonal or aseridional categories.
Large distinctive, homogeneous spatial patterns ian the accu-
racy of the models did not appear in the results. One of
the many features of the calculaticns was the identification
of the most discriainatimg variable. In most cases (fifty-
six per cent), moisture components prcved to be the best
discriminators, and in forty-three per cent of the casss,
circulation components were selected first. Data from the

extremely meridioral winter of 1976-1977 were entered into
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selected discriminant functions and in ninety-five per cent
of the trials, the winters were classified as meridional.

For each station and for each climatic elesment, a
standaféiied t-score was calculated indicating the amount of
change that occurred in each element between the two time
periods. The climatic change matrix that resulted was fac-
tor analyzed to condense the matrix. This proceduze avoided
overlap inr the analysis of the sratial patterns in the cli-
matic fluctuation.

The first factor that emerged was a wind persistence
change component in the data structure. Approximately sixty
per cent of the staticns across the United States displayed
the expected decrease in wind persistence between the circu-
lation types. The spatial patterns for the factor scores of
this component appeared to show a decrease in wind persist-
ence in a wvest to east direction. The Southwest displayed
increases in wind persistence in association with the ridge
that developed over the Rcckies. Generally, the rast of the
Onited States displayed a decrease in the wird persistence
values.

4 second factor was interpretated as a precipitation
change component. About cne half of the stations (fifty-two
per cent) displayed an increase in precigitation, while the
other stations "showed a precipitation decrease. However,
distinctive spatial patterns daveloped in these data. a

precipitation increase was observed in wmuch of the West and



along the eastern coast, and the Plains and midwesterr
states were dominated by substantial decreases.,

Pactor three was characterized as a temperature
change component in the climatic change data,‘with high pos-
itive loadings on temperature and negative loadings with
wind speed. At only eleven per cent of the stations did
temperatures increase, in the remaining cases, temperatures
decreased as the circulation shifted from a zonal to a mperi-
dional pattern. Wind speeds increased in sixty-six per cent
of the stations. A high pressure ridge, with hkigher temper-
atures and lower wind speeds, developed in the Rocky Moun-
tain states and in northern New Englang. Most of the east-
ern two thirds of the United States became domirated by an
upper level trough, with lower temperatures and higher wind
speeds as the circulation shifted from a zonal to a meri-
dional pattern.

The relative humidity change factor (4) showed that
the atmosphere of the midwestern states became significantly
drisr in the meridiomal period, ané for the western and
eastern coastal states, the moisture ccntent of the atmos-
phere increased. In ninety per cent cf the cases, relative
humidity decreased between wthe time periods.

The last significant factcr (5) was a northwesterly
wind change conmporent in the data. Stations located 1in
regions dominated by northwesterly flow aloft in the meri-

dional period tended to show an increase in the northwes-
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terly wind compopent. Conversely, the stations located in
regions where upper level flow was from the southwest in the
meridional pattern displayed decr=ases in this measure.

In a second section (presented in Chapter V), winter
climatic regions were developed for the zonal ané meri-
dional periods, along with an average, c¢ombined twenty year
set of regionmns. To keep the patterns relatively simple,
only the commonly used elements, temperatur2 and precipita-
tion were employed. A1l data vere factor aralyzed to trans—-
form these data onto orthogonal axes. The transiormed data
were then clustered based on a Euclidean distance model.
Phenon lines which divided the clusters were selected, =and
resulting regions were napped.

Within the 2zormal periocd., ten regions were iderti-
fied, with one very large region extending from the Rockies
eastward throcugh Pennsylivania. Except along the socuthern
Pacific coast, large spatially aomogeneous winter climatic
regions developed. Shifting the phencn line to a point
where a break cccurred in the distancé level produced four-
teen regions, forcing some of the original ten regions to be
subdivided. A scatter diagraam of the data allowz2d for the
characterization of each region.

The same procedure was applied to the aeridional
data and ten and fourteen region schemes were presented. -3
much higher distance level was needed tc separate the clus-

ters into tem regicns, indicating a greater distance, irn
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climatic space, existed between the stations in the
meridional period. The clusters were mapped, and as in the
zonal case, large regions developad for most of the United
States.

When the =zonal and meridional maps were ccmpared,
along with the combined results, a numper of differences
were apparent. The large interior zonal region (4) did not
extend as far eastward in the meridional period. 4 cold
continental interior region in the northern Plains was more
extensively developed in the meridional years. The cool and
moist New England type was also greatly expanded in the mer-
idional period. The large Southern region shrank considera-
bly as the circulation shifted 1its basic flow pattern.
Throughout some sections of the country, the climatic
regions remained relatively constant Letween the two time
periods, suggesting that circulation «change did not affect
clipatic regionalization in all parts of the couatry.

Comparisons of the zonal, meridional, and average
climatic regions showed that the "prairie wedge'" extended
into Pennsylvania in the 2zomal period. A very cold winter
climatic regions in the northern Plains shifted northward in
the zonal years. Climatic regioas 1in Texas, Oklahoma,
Arkaansas, and Louisiana displayed differing alignments
between the periods of different flow., 2 large mid-atlartic
region extending from the coast through Kentucky was part of

a larger Northeastern region in the meridional flow, but was
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a separate climatic <cluster in the z2cnal years. This
indicated that a stronger morth-south gradient in climatic
parameters was present when the west +to east zonal flow was
dominant.

Shape measurements were used on the regions to test
for significant changes in the elongation of the regions
along a west-east axis. Some findings suggested that the
regions became less elongated, as expected, but the results
vere not statistically significant.

In the fipal section of this investigation (Chapter
Vi), attempts were made to generate regions based on the
type of change that occurred in the surface climatic ele-
ment s, Preliminary attenmpts where the entire change matrix
vas used, or where only temperature and precipitation change
data were used, proved unsuccessful. However, if tvo zonal
components were added to temperature and precipitation
change data, giving scme weight to climatic similarity,
results were more promising. This 1led to the conclusion
that stations in different regions in the United S*atses dis-
played similar types of climatic change, such as increased
temperatures and decreased precipitation levels, but tc show
spatial homogeneity in the pattern, scme base of climatic
similarity must be included.

Before clustering on the combined zonal 'and changz
variables could be performeq, the data w=re shown o be

orthogonal.  The clustering algorithm produced twelve spa-
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tially homogeneous climatic ckange regicns. The centroids
for each cluster were computed and analyzed in conjunction
with the discussion of the 1location of the resulting
regioas. The characteristics of each of the twelve regiomns
appeared to support the notion that homogenecus changes
occurrad in association with a change in the upper level
circulation. The characteristics of each region could be
explained through the development of a strong ridge in the
west, and an upper level +trcugh through the midwest Juring

the meridional period.

Conclusions

Inevitably ir an investigation o¢f this type, the
mass of data and all the analyses led to some set of coanclu-
sions that vent beyond summarizing all the results. These
conclusicns represented the Bost concise ansvers to the
major questions examined ian this study. The following eigat
statements were the ey pcints for this research =ffort.

1. Changes in the predominant circulaticm pattern
of the atmosphere appeared to significantly aad per-
Sistently be associated with changes 1in the surface
climatic elements, Discriminant mcdels showed that for
most stations in the United States, carefully selected
zonal and meridional time periods could be accurately
discriminated based upon surface climatic data.

2. In nearly ail cases, circulation and nmoisture
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comaponents of the atmosthere were most significantly
affected by circulation change. Rarely did tempera-
ture, a heat energy componeat, prove to be the variable
most affected.

3. An index on zonality and meridionality could
be created based upon surface climatic conditions.
Data from the extremely meridional winter of 1975-1977
were entered into discriminant models, and a zonal-mer-
idional continuum was formed. The winter was classi-
fied as meridional ian ninety-five per cent of the
cases,

4. Generally for the United States, as the circu-~
lation shifted into the meridional pattern, the atmos-
phere cooled, held less moisture, and wind speeds
increased.

5. Distinctive spatial patterns existed 1in the
changes observed in many of the c¢limatic elemernts.
These changes appearad to ée associated with the devel-
opmert of ar uppér level ridge over the Rockies and a
“rough in the midwest during the meridioral period.

6. Large spatially homogenecus winter climatic
regions could be developed for each time period based
on factor and cluster analyses.

7. Tke configuration of climatic regions appeared
to <change substantially between the 2Zonal and meri-

dional time periods. Statistically significant charnges
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in the vest-east elongation of the resulcting climatic
regions could not be verified.

8. Large spatiaily nozmogeneous regions could be
@eveloped across the United States based upon the.type
of change that occurred in the surface «climatic ele-
ments between the two time periods dominated by dis-
tinctively different circulation regimes,. Each region
could be explained based on known changes in the Etmos-

pheric circulation system.

otential Applications and Suggastions for

{ny

uyture Research

Por general climatological studies, the findings of
this investigation are useful in a variety of ways. This
study clearly demonstrated that significant changes occurred
in climate in associaticn with a circulation change. Thesse
findings demand that the presentation of aay climatological
research must include specific teaporal information. Maps
of climatic regicns or of the distribution ir the value of
climatic elements must include the time period for which the
data are representative, for through time, climate certainly
does npot remain conastant. The findings presented here
pointed tc the need to extend the so called M™normal" pariods
to 1include all +ypes of atmsopaeric circulation. These
"normal? periods could be dominated by cne type of circula-
tion and could be extremely abnormal under another circula-

tion ra2gime,
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The development of seasonal climatic regions for the
United States or for the globe is a relatively unexplored
field in climatology. Production of'such maps may have
practical applications in a variety of physical, social, or
econonic systeamas, or to students in climatology interested
in changes in seasonal climatic regiomns.

The findings cf this study may prcve useful in fore-
casting surface conditions at the montkly time scale, or in
the interpretation of past climatic histcries. Ia a recent
article, Harman and Harringtom {1978} examined surface and
upper level patteras for two different augusts, 1975 and
1976. These two months were well outside the time range of
this investigation both in the years included aad in the
season examined. Yet, the findings cf their study were
close to what would have been pradicted tased upon the find-
ings presented here, August, 1975 was dominated by a zonal
flow pattern, August, 1976 was a meridicnal month with con-
siderably lower precipitation totals fcr the eastern two
thirds of the United States, Ahead of the upper level ridge
in the meridional month, conditions were extremely dry,
leaving the plains in drought conditiocnms. Ahead of the
upper level low, precipitation amcunts in New England wer=e
substantially increased., Moisture content in the atmosphere
was generally much 1lower in the meridionmal montk. All of
these findings were similar to those developed here for win-

ter averages in tke 1939 through 1965 time period. Unfortu-
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nately, Barman and Harrington only‘ analyzed moisture
components, noct allowing for comparisons in other climatic
elements. .

Another <f£inding that may be useful +to long range
forecastars was the identification of the relative persist-
ence in the surface climatic conditions that appeared to
exist during a period of a particular flov type. Results
from the discriminant tests showed that more variation in
clipate existed between pericds of differing circulatiorn
rather than within a period with one dominant circuiation
pattern. Determining the nature of this persistence of cli-
matic conditions from one year to the next appears to be an
area of promising research.

The findings of this study may be extended to a
variety of areas outside of climatologye. The recant United
States Climate Prcgram Plan (Interdepartmental Committee for

tmospheric Sciences, 1977) had as a central focus the eval-
uation of climate variability on natioral activities includ-
ing agriculture, forestry, fishing industries, maragement of
land and water resources, energy consumption and distrib-
ution, transportatiop, and communications. The first "ele-
ment® of the United States Cliﬁate Program Plan was the:
Evaluation of relationships between climate varia-
bility and national activities, particularly cli-
matic impacts on foecd, fiber, and water, as well as
climate impacts on and from energy and transrorta-
tion.

The findings of this study may prove useful irn each of these
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areas.

For example, statistical models reviewed by McQuigg
(1975) dealing with agriculture, forestry, enerqgy, and conm-
merce use a variety of climatic inputs tc calculate expected
crop yields. The data from this study may be directly
applied to these models to determine the effect on yields of
changes in climatic eleaxeats. By defining regions where
climatic fluctuations were most severse, indices of risk to
crop yields could be formulated in variocus areas across the
Onited States. Similar models have been developed for for-
est productivity, irncluding growth rate variables and fire
risk, and results from this study may grove helpful ia this
area. Although oceanic regions were not included here,
future similar research efforts using data from the seas Ray
be useful to the fishipng industry. Mcst of thes research
reeded in these areas is in the develorment of better sta-
tistical and physical models +to improve current predictions
in yields, for only then will climatic variability and cli-
matic change data produce accurate estimates of impaéts.
For now, this study®s main contributicm in this type of
applied climatclogy 3is in defining regions in the Onited
States where climatic fluctuations, and resultant changes in
crop and forest productivity, are 1likxely to be most pro-
nounced.

Changes in climatic elem2nts clearly affect the land

and water resources of the United States. Risks from floods
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are obviously climate related, and as this study has shown,
the changes in the circulation produced substantial changes
in the precipitation amcunts throughout the United States.
Precipitation change information may be useful to hydrolo-
gists working om ground water supplies, soil moisture, or
flood hazards. Other natural hazards including nudflovws,
erosion by wind, water, or even ice are all closely linked
to the climatic conditions. Determining the exact changes
in climate for varicus regions, and the precise nature of
the relatioaship of cligate éo the prcblems of land and
water management will prcve imvaluable in the future.

Perhaps the most pressing proktlem in the Jnited
States today is in the area of energy demand. tatistical
aodels can be produced at various spatial scales, ranging
from individual rooms to the entire United States, where
energy use 1is vievwed as a function of <climatic variables.
Determining the precise types of climatic changes and the
location of these changes could be used to calculate a new
set of demands on the energy supply. Demand regions for
energy, such as those devalop2d by Spurlock (1972) zay
change along «ith the changes inm climatic regions demon=-
strated in this study. Information on changes in some vari-
ables such as cloudiness or total incoaing radiaticn will be
useful in calculating poteatial <energy supplies from alterc-
native sources.

Increased precigpitation im winter months pressents
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obvious problems to the nation's trarsportation systeams.
Aviation routes are clearly affected by significant changes
in climate, and to a lesser extent, ground transportation
routes are substantially affected by increased snowfall, or
by heavy rains with related flooding cr mass wasting of
slopes. Ice packs on the Great Lakes or in interior water-
ways have severe economic consequences and are certainly
climate related. Over both the short apd long terms, commu-
nication systems includiag landline and radio are affected
by the state c¢f the climate. Ice storms anrnd kigh winds can
severely damage commnunication lines, increases in lightning
affect all types of radio communications.

The list of activities that are linked to climate
could be extended on and on. Many investigators are working
to discover the statistical and physical relationships
betveen clipate and a wide range of natural phenomena and
humarn activities, Few would argue that clizmats detarmines
the observed results, but the role climate plays is often
quite substantial. Oace these <relationships ars precisely
known, <c¢limatic change informationm, including the findings
of this study, #ill prove invaluable ir forecasting future
supplies, demands, and needs of the population. Future
studies should be extended to include the entire globe, both
for the land and sea surfaces, to deteramine the magnitude of
climatic changes for the world, for proktlems that arise from

climatic changes are certaia to be global in scope, and rot
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confined to the borders of the cotermincus United States.
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APPENDIX I

LISTING OF FIRST-ORDER CLIMATOLOGICAL STATIONS USED IN

ANALYSES AND REGIONAL CLASSIFICATIONS

Station Zcnal Merid. Change
Code- Station Region Region Region
1 Portland, ME 1a 1a 1
2 Concord, NH 1b 1c 1
3 Burlington, VT 1t 3b 4
) Bostorn, fA la 1a 10
S Nantucket, M2 ia 1a 10
6 Providenuce, RI la 1la 4
7 Bartford, CT 1a 1a 4
8 New Haven, LT 1a la 1
9 Albany, NY 1t 1c g
10 Binghamton, XV 1b 1c 18
11 New York, NY 2 1k 1
12 Harrisburg, PA 4t 1b 3
13 Philadelphia, PA 2 1b 4
14 Reading, PA 2 1b 4
15 Scranton, PA 4c 1c 4
16 Atlantic City, NJ 2 1t 4
17 Trenton, NJ 2 1b L
18 Baltirore, MD 2 1b 18
19 Washington DC 2 ib 4
20 Lynchburg, Vva 2 1b q
21 Norfolk, VA 2 1b 9
22 Richmond, VA 2 1b g
23 Asheville, NC 2 1b 4
24 Charlotte, NC 2 1b 5
25 Greensboro, NC 2 1b 4
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Station Zcnal Merid. Chang=
Code Station Region Region Region
26 Hatteras, XNC 5¢c 5 5
27 Raleigk, NC 2 1b 9
28 Wilmington, NC 10 4a 5
29 Charleston, SC 10 4a 9
30 Columbia, SC 10 S 9
31 Greenville, SC 5a 5 5
32 Augusta, GA 10 S 5
33 Savannah, Ga 10 4a 9
34 Jacksonville, PL 10 4a 13
35 Key Rest, FL 6 10 12
36 Miami, FL 6 10 12
37 Tampa, FL 8 8 12
38 Atlanta, GA Sa S 5
39 Macon, GA 5¢ 5 5
40 Apalachicola, PL 1C 4a 13
41 Pensacola, FL S5c 4b 5
42 Birmiagham, AL Sk 5 5
43 Mobile, AL Sc 5 5
44 Montgomery, AL 5¢c 5 5
45 Meridian, MS 5t S 5
46 Vicksburg, MS Sb 5 5
47 New Orleans, LA 5c 4b 5
48 Shreveport, LA Sc b4a 7
49 fort Smith, AR 2 6a 7
590 Little Rock, AR 2 5 5
51 austin, TX 10 6b 13
52 Brownsville, TX 7 9 12
53 Corpus Christi, TX 8 8 12
54 Dallas, TX 1C 6b 13
55 Fort Worth, TX 10 6D 13
56 Galveston, TX 10 da 13
57 Houston, TX 10 4a 13
58 Port Arthur, TX Sc 4b 5
59 San Antonio, TX 8 6b 13
60 Chattanooga, TN 5b 5 5
61 Xnoxville, TN > 5 5
62 Memphis, TN Sa 5 5
63 Nashville, TN Sa 5 5
84 Louisville, KY 2 1o 4
65 Evansville, IXN 2 1b 4
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T

Station Zonal Merid. Change
Code ees® Station Region Region Region
66 Indianapolis, IN 4L 1c 4
67 Cincinnati, OH 2 1b 4
68 Columbus, OH 4t 1c 4
69 Dayton, OH 4t 1c 4
70 Parkxersburg, WV 2 ib 4
71 Pittsburgh, PA 4t 1c 4
72 Buffalo, NY 1b 1c 4
73 Rochester, NY 1b 1c 4
74 Syracuse, NY 1t 1c 4
75 Erie, P2 4b 1c 1
76 Cleveland, OCH 4t 1c 4
77 Toledo, OH 4t 1c 4
78 Fort Wayne, IN 4b 1c 4
79 Detroit, MI 3k 1c 4
80 Alpena, MI 4k 3b 15
81 Grand Rapids, MI 4t 1c 18
82 Marquette, MI 4t 3b 4
83 Sault Ste. Marie, HMI 1b 3a 4
84 Chicago, IL 4t 2 4
85 Green Bay, WI 4b 3b 15
86 Milwaukee, WI 4t 3b 4
87 Duluth, MN 3 3a 17
88 Bismarck, ND 3 3b 3
89 #illiston, ND 3 3b 4
30 Minneapolis - St. Paul, M¥N 3 3b 4
91 La Crosse, WI 4b 3b 16
92 Madison, WI 4t 3b 1S
93 Des Mcines, IA 4k 2 15
94 Dutuque, IA 4b 3b 18
95 Cairo, IL 2 1b g
96 Pe=oria, IL 4b 2 4
97 Springfield, IL 4b 2 15
98 St. Louis, MO 4t 2 15
99 Columbia, MO 4h 2 15
100 Kansas City, MO Lb 2 11
101 St. Joseph, MO 4% 2 15
102 Springfield, MO 4b 2 11
103 Topeka, KS 45 2 15
104 Lincoln, NB 4a 2 1M
105 Omaha, NB 4a 2 11
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Station Zcnal Merid. Change
Code Station Region Region Region
106 Valetine, NB 4a 2 15
107 Sioux City, IA 4a 3b 4
108 Huron, SD 4a 3b 4
109 Billings, HMT 4a 2 2
110 Havre, MT 4a 3b 4
111 Helena, M7 ja 2 2
112 Missoula, MT Ga 2 3
113 Miles City, MT 4a 3b 3
114 Rapid City, SD 4a 2 2
118 Cheyenne, WY 4a 2 11
1186 Lander, WY g4a 2 19
117 Sheridan, WY 4a 2 2
118 North Platte, ¥NB 4a 2 15
119 Denver, CO 4a 2 14
120 Pueble, CO 4a 2 11
121 Concordia, KS 4a 2 11
122 Dodge City, KS 4a 2 11
123 Wichita, KS 4b 2 16
124 Oklahoma City, OK 9a 7 15
125 Abilene, TX St 7 13
126 Asarillo, TX 9b 7 11
127 Roswell, NN gt 7 13
128 El Paso, TX 9b 7 13
128 Albuguerque, NN 9b 7 11
130 Phoenix, AZ 7 9 13
131 Yuma, 2% 7 9 21
132 Reno, NV 4a 2 2
133 Winnemucca, NV 4a 2 11
134 Salt Lake City, OUT . 4a 2 2
135 Grand Junction, CO 4a 2 2
13¢€ Boise, ID Y 2 2
137 Pocatello, ID 4a 2 2
138 Spokane, Wa 4b 1c 3
139 Walla ¥alla, ®A 4p 2 2
140 Yakima, WA 4a 2 2
141 Seattle, %A Sa 5 S
142 Tatoosh Island, %A 11 11 22
143 Medford, OR 2 1b 4
144 Portland, OR 5b S 6
145 Roseburg, OR S5a 5 5
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Station Zcnal Merid. Change

Code Station Region Region Region
146 Eureka, CA Skt 5 5
147 Sacramento, CA 10 4a S
138 San Francisco, CA Sc 4a 8
149 Fresno, CA Sb 6b 13
150 Los Angeles, CA 10 8 13
151 San Diego, Ca 8 9 20
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APPENDIX IX

Description cf Computer Maps Used

In this Investigation

Throughout this investigatiorn, a large numbar of
maps were presented that were produced using the SYMAP pack-
age. Basically, in every case, the x and y coordinates for
all 151 stations were entered into the program aicng withk a
data value for each statiecn. A separate set of coordinates
was entered which defined the boundary of the cotermirnous
United States.

Three different types of nmaps were used, 1including
(1) proximal maps, (2) cecntcur maps, and (3) trend-sucface
Raps. The proximal map comstruction did not assu&e that a
continuous surface existed in tha data. ‘Every location in
an area was assigned the data value of the station nearest
that location. . The coatour map interpclated a continuous
surface based oz all givea values for the station locatioase.
A trend-surface aap fit a polynomial eguatiorn, of varying
orders, to the array of data values.

Pigure 20 in Chapter Vv displays climatic regions for

a combined zonal-meridiopal1 time period. following a sepa-
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rate clustering algorithm, each station was assigned a value
from one tc ten identifying the cluster in which it w=as
grouped. All points on the map vwere assigned the value of
the nearest station. Bach cluster vvas assigred a map pat-
tern from a continuous gray-tone series. For example, clus-
ters labeled one and twc vwere represented by much lighter
shades than clusters nipe and ten. At each station loca-
tion, the actual data value was printed.

Pigure 11 in Charpter IV shows the continuous surface
of temperature change values across the United States, and
is an exampie of a contour or isopleth nmap. Temperature
change values' were entered for each x and y station loca-
tion. The SYMAP package then interpolated a continuous sur-
f#ce from the given data values. The interpolation proce-
dure utilized both the data values and the distances to the
nearby station locaticn to produce the surface. The actual
contour lines on this map are the white lines separating the
regions that display different shading. The procedure of
shading sections of a surface with heights irn scme range of
a data is widely used in hypsometric maps showing landfora
height. The original data were grouped into five classes
formed using an approxinately egual range in the data values
for each class. The key in th= lower left corner displays
the data range for each class, Stations with values follow-
ing on the border between two groups {directly on one of the

contour lines) were crouped into the higher class. For
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exanple, a station with a value of -2.43 was grouped into
the second class in Pigure 11. The frequency, or number of
stations in each class, is shown directly beneath the dis-
play of symbols used for each class. Eight stations were in
class 1, twenty-three 1inr class 2, and sc on. At each sta-
tion location on the map, the value printed was the value of
the class for that station.

Figure 15 in Chapter IV is an example of a trend-
surface map prepared from the factcer scores of the Wind Per-
sistegce component in the climatic change matrix. Using a
regression techrique described in the text, a polynomial
equation was fitted to the surface formed by the given data.
The effect of this technigque was to smocth, or filter, pat-
teras that contaiﬁ large amounts of "noise",. The class
intervals ar2 printed Jjust above the display of symbols in
use. The 1intervals were deterained by bresaking th2 data
into quintiles where five fairly egual classes, 3in terms of
the number of stations ian each class, were created. Agairn,
values on the class borders ware assigned to the higher
guintile, The frequency of the staticns in the groupings
was given beneath the symbols, 411 of this information was
determined before a polynomial was fitted to the data.

Once the polynomial was calculated, the resulting
surface was presented using the same class intervals, The
map that resulited was essentially a coatour map of the sur-

face described by the calculated polynomial. The values
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printed at each station location were the class symbols (1
to 5) of the original data. A wide range of numbers could,
therefore, appear in an area where the polynomial surface
¥as at some comnstant class height. Occassionaily, "H"™ or
nL" appeared across some region instead of one of the given
map symbols. If the surface formed by the pclynomial fell
below the data values printed in the kxey, the symbol "L® was
printed. These symbols can be found in northern Maine on
Figure 15. Conversely, if the height cf the trend-surface
exceeded the highest vaiue in the data range, the region wvas
represented by the symbol "HW", These appear 1in northern

Maine on Figure 16.



APPENDIX III

HODIFIED DISCRININANT FUNCTICNS 2AND RESULTING INDICES USED

IN THE EVALUATION OF THE 1976-1977 WINTER

Index <Code Station Function
1.15 12 Harrisburg, PA Y=6.8~.1(RH) +. 1(PD)
RH=58,PD=T7.3
1.56 22 Richmond, 72a ¥=7.3-.1(T)-.1(RE) +.2({PD)
T=37.4,RH=62.3,PD=8
RH=62.7,P=2.6
3.18 27 Raleigh, RC ¥=5.0-.1{RH)+.2 (P)
RH=62.7,P=3.0
+56 31 Greenville, SC ¥=4,.8+.1(T)-.1(R4)+.1(PD)
T=37.7,RE=58.7,P>=8
1.66 43 Hobile, AL ¥=5.5+.1{T)-.1{2H)
T=47.0,RH=64
2.07 50 Little Rock, AR Y=6.9-.1(RE) +. 1{PD)
RH=55,PD=5.7
RA=66,PD=9.3
1.07 61 Knoxville, TN Y=9.6-.1(RH) +. 1(PD)
RE=€4.7,2D=9.3
.86 67 Cincinnati, OH ¥Y=8.7=.1(RH) +. 1(PD)
RH=72.7,PD=8.7

- 207 -

P5=961,RH=66,P=.4



.30

X

2.15

i.63

where Y
Ps

RH

p

PD

89

91

92

96

105

109

121

125

148

Williston, ND
LaCrgsse, ¥I
Madison, I
Peoria, IL
Omaha; NB
Billings, MT
Concordia, XS

Abiline, T

RE=78.3,P=.6

RE=€9

Y=8697-01 (PS) -1 (T) -o1 (RH)
PS=983,T=13.1,R3H8=70.1

¥=6.31-.1(RH) ~.2{P) +.1(PD)
RH=67.3,P=.8,PD=8.7

RE=71.7,PD=5.7

¥=2.3+.1(T)-.1(RH) +1.1(P)
T=29,RE=51.7,P=.6

¥=5.8-.1(RH) +.2 (PD)
RH=66.3,PD=4

¥=-107.8+.1(PS)=.1(RE} +.1(PD)
PS=955.5,RH4=57.3,PD=3.7

San Framcisco, CA . Y==141.3+,1({PS) +.1(P)

Continuum Index
Pressure

Relative Humidity
Precipitation
Precipitation Days

PS=1018.9,P=1.98

The variables in use wers
chosen from stepwise dis-
criminant models. The models
here rerpresented results
from regression analyses
7here the dependent varaible
vas assigned 0 for zonal
years and 1 for meridional
years.
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APPENDIX IV

SIXTH~ORDER TRE&D FITTINGS FOR CHANGE SURFACES
IN ELEVEN CLIMATIC ELEMENIS

Coefficient cf

Coefficient of

Figure Elerpent Correlatiorn Deteraination
A Pressure - 43 .24
B Temperature 70 .49
(o Relative Humidity .05 <43
D Precipitation .71 51
E Precipitation Days <74 <54
F ¥ind Velocity « 37 .14
e Northerly wind Coamp. .52 «57
S Westerly W%ind Comp. 32 .10
I Resultant Wind Sp. .47 23
J Yearly Wind Pers. .41 17
K Monthly dizd Pers. «53 .28

- 209 -



- 01 -

J 00C00000 ¢ e
-] QAaQA0CUO *+et sttt e
UB6BA3  000N02 +é++eesstes 200000 BHAU T ,
600008668 000000 ++eététertss 0000000 GAGEEE NUNNNSENEUNEENE
B0LBAG0 000000 3¢+++¢4e+++¢ 0O0OUOND  HBBBEA snEsnssnasy wn
NEE3  €68683 COODQUO S+tetss++t 0000000000 BE0BEABEAA @ 1
tass €a0ee8 o-ahpooo ++4444 00010000000 +6eBB0RBEBEBREONEAbuHBionl]
© maxsuswa eeeauvs 8000000AO 3¢ 0000000 688AHALAHBAIJIANEOHEUBYYAUREHE
60sEAZRAENNN 03689€8 00000000000000 000C¥AUOOCLOVO aeueaauuddh&uueaeoueauuuear fo10 +444000 40
60 EIEEEEENAN @6UGEE OUCO00V00UCVCs0CGO0000COVV000 6806NEVVEERAaesnnanuseand MHuooo +++ 0ODD3E
OBSNSRSEYACESSE 468868 0CUOOL000UON0C0CUOU020000000003 86GUBEEORBHBHLARBBENA onuoo8 ¥ s+ 00000 ©
as  €aeevs 0CAUOOO0OUDONCOHOGC0000000000 esapsaouaseunaseef Jo oovono: X ++4444¢+ 400000028
300 sxiussusSsuNSENN 6868  GUUG3I0QUUO0OOUOUGCLOL0OLACNA00NN aouan2ae4s § 4 oonooo b teeveeer 010020
60 NEZSSARNIMNNNNEEES 6886 UO000UONA000VN0000N2GUOUONC0N0BLCAN0N | 8fiaoonoo2nf® 000 eeeserese  slls
EINBIBMNINESARRRAERA  €666Y  0NNOON0OL00OCCOOUOONOOVGNO0AN000000000000000056000200010UM000000 +esetetrette
SEA2SSESRERNRQNINVEAGYES 48608

0u0001 0LOGCOULOLoLac000020000500000000000003(UNI00V0AVNANNS ¢++++4e2¢304¢
SNBRSUL.BEENAMNEORNEYRNNNENE LUBBL UCCOO0DOOGCOUIOCLO ] 0000000300000000000000000 eI 000204

usa 0ase 0U00000NN0N ++tetetttitete 1 3 trer ettt eiotel
EMUESYEINUANES ©8A05 0000000000 ++e+ ettt ettt et t020 0044420044000 000000000041+ 00
RENCEEE RN NI U NS UN N NIRRT NN QHBO  OCO000ND0 #1464 +3A 41 EEE et b rbeb ittt s st eetttttbrtsetittorsettrsy
QUO00000 $E4E4+ 40+ P20 4200000020020 0 000000 00000400 | ¢
URNINRUNNSEREAIDUACTLIMIZZINAZMSERRAIAT  6OEE GOA0000 CHEE+E Lt 4ottt bbbttt it bittbbbots 0noo00s
NEESEENSEENREINUNSONRUENEENIZSURERNINEY  BUO8 OC00N0DIE++P+1ea ¢4+ 42444400t 040444444+ 00000000000
PHESEPEISLEEEIPEIEIEISES LIS 44+ DDO202000 | OO
SNRDUNNRNIYPN SSUSINXIRUSENUURE U000 000000 ¢+ + ¢4+ ¢34 444416444 42444445444¢ 0000000 080 1
| | lllllllllllll!llllllllllllﬂ.v-lllllllll 8088 00000 PEEPEEEPIIPEEE RO RFE4442002000 €BBBH
0 8 NERSEDUNENDSUCSARREEMUSURIREIRNUEE] NN a(lﬂe:lﬂﬂﬂ()(*000'000002009000000+‘*0 0A000 ©0600B46
2 6 B gEMEEINaRNED BEVDRUONRUREESBNSANNRE COHAO 000 It EEEEN A4+ o e 0000056660 6
SENSMUSHENRRENANIVUNANNDHRNN SNNIUNES OBOHO DOOCO +4eestettottertisresses]l 00005 BBLO 8
HERENENUEUUNHORTNNSYKANROEREBEEE GBHUE OQUON0 +e+setbrttit et +s 0AO0O0 OBEA3R
BUNUNENANNERNSNNN2EEE ASSEO V00100 +4+1 440204 444A44¢ 00000 0I68
LEUSUEKREUUERRENRONEN BO0UA Q0O00CQ *+tetsttetetere sy QOOQ QOBH
YH BESENERANRASERBEE HOUDOD 000000 ++e+tstdtistesssr QOCOQ B
e RUNBEREER HOUQEAO 000000 +++evetl 2440444+ 0000 B4
ClaSS Interva]S 0 64460 $ 68668860 000000 +2+¢¢ +4eetl 0000'9!
+ 6008D0HO1U AGBHEBSEIB 000000 ¢¢+ ; Co0 o
Pressure Change t-Scores - au8yeunsgan ) g 000 ¢
-2.63 ~0.084 ~0.38 0,09 :'32 00 60uEHAUS 000 &
-0.84 ~0,30 0.09 0.80 * D 64580 ° 200 400 MILES 000 &
...-:-.“JI-Iﬁl..ﬁ-ﬂﬂ‘3==!-‘-‘8==H‘In‘==I=‘====BRBSB= + 0 ua l * l 000
sssssssee PEEFEEEES 0QU0LUO0U BLEUBEEYEY NIBNESNEN + 0 A[e]ok:
sesersese tHEEEEI S OLLOOLLOO UBEUEBUOO s
ceeslvese *4e42¢+++ 000030000 e8ugaasbHal
rettdeeee 000CDD0AN LAHUEAUOY (111} 3
eeenussas tEEFEEEEs 0000COCUL 6DODLOOLE SsNEBEXEN

MASEAERIADNEBNSARNEIAEAZENRECE R anS FAERNEABDELCTZAIEXALEN

o Flgure A: Sixth-Order Trend Fitting to a
' 28 30 20 Surface of Pressure Changes

ERYRECAER ZEEIEANIIEBANABRASSNANBARE  BUGO 00000




«3.43

(1]

*é

-1.02

-I-----n---‘.3II.B:-S&I‘I‘IIlHII.Iﬂ;;aa'}ﬂﬂ‘:::‘ﬂﬂla

ssooloces

15 105

00000 ’
060 000 0Ca00e e086000UUHGE

Yos* ‘ 85°

00500

886U b6
088106600 suBNEsY

¢+ Q0 868
eede 00
+¢3 00 @&uug

*eeeed 000 ©OOBOUO
seesed 000D L HHLO6AGHUHOBLAVOLLBUVULBEE U OOCUNOD 4 r 424800t brAEEEEIEY]D I X XIS 2 2 X0
gdgotyyieasusuduuLy Q00QacoO0U) seetetbets st aoaoaoooanaal ¢4+ 00380000440

Q000

1 4 + 00

40

000000 600H6G EYNANYNERNENEHEGN 680 Q0 Atedt seesesscscsns

¢+ 00 doHUS sas
#¢ 30 000 DENNERESNURCUBUNBNNSIYNEN B6UQ Q0CO ¢éteosttt it 200 Cret et ittt tbbeobtlvesd
EOENGBESNNIUNUEANNNEEE U108 QOCO Seoovedrbodivtiod PEEPEL P20 00204400 020000000030 04
(2] :1:] SAEEBAUNMESREREAEN OUUHUO UONGD +06 o240 01 4SEIF LI L4 RSttt bbbttt tbbbtet
BNZEAUNMER HUBUUSHO QOCO0 + 44 ettt ettt tre ettt ettt ettt et itiretttediee

0 v80uEvyoeeBHD 0RO0O0NLO0OOCOOLUAD unoo0oonaaoooNta3nanNl3nn striettottbrtses]
S5 6 686pEBOUEBLHUHAEBAGUE 0VV00 aL0000auaoH0000VL0N0BNYoaNNANLON00NNN0DDO0GOs N0DNCDA L2t tétte
o« 6C808666688 0005 00LACOOO0O0C50000000010000 anuoaan 4 [¢]} 0000 4rtertdteee
¢

S8 guBEBNER
SEERARANNES ygege DLDNNLONOLLODNDODNDADODODNNDNN OBBBOBHBLBDEBA ODQDACD +42¢ertiee

Class Intervals
Temperature gll%%nge

-~1s02
-0,98 ~0.70

testeteds O0O0DOLULOU

ttrebd
sree

s¢¢+ DOLOOOCOO
++¢¢ 000030VGO0O

et erbesee 000000000

RuNEANEAREZLAVEN
SENBRERNTERNAINNNN
UESNNEINYINASUNNEL NN HUOHU 000 46400044t ¢ s2000000000000
SENSNBURITNANEEIIIDE HOUBUAOOD 400 leb bt oo oscssenncccsosl
660066E NSNEBNONSYANNNDYESREXSNEANRNENAE QAOO Q0D #4444 0404t ceo0vcsocredevescse

lllllll!llllllllle 0EaY ODs sedreede sesslocve

4 Q L 3 ¢ )

an 8 0 ot seccacsnsecerse
ERMANN 8 60 00 ¢444¢0¢  ceccsccnver

guay 000 000000'004‘00occo-n.ono-o.
HUHOGD 000 sedbred bt ée sesssesccnesene

a0gue eus
00 6668 uass
+¢ QOODOS a8 sa

"reer) 0002 62

GUOAY UU ¢4 84000404 cecsveccscsnsslonle
HOHE OCO ¢424 444 4¢ sevevcscscresloosesns (3222 XX X2 %; s
UG 000 +4b 40081V c2000000000snannssedens ¢HIERS tEetERbL OIS LIPreSe O
0858 000 ¢2¢+0#3409% o2ocvelovccnsorcescne o IHEEPINEIILLIEISIEIEIEIQEIIALLY
BUBG Q0O ¢) 64440408 coeesncsssessslose (R I A R R X X R A R 2 2 N L)

BUGUEO000D 8 QOUDD SEeett st trs sttt sttt tre bttt s battetotettrbsrtitenriel

08680 00000000000N0oNHN00N0O000ALTNNN00Y O8EVNE0BEGEEE UIRDDO0D +4E2¢tedtét

88 2 00000000000000000NN0N00 AHRANAOEAGREEE B OONUDSe s+t ++e2e
ANS 0UGHE  COO00AQOUN02500000040 @HEGIGUBAZ0 0 20000 setertle
aun e08 40000000000000000 0000000 46t tteers
waSENW  €900E  Q0000000000000000000NN00000000 $4eetetet
MENMSES  GGHO  00000000000U00000000003A3 ++4¢tettd D
2 waxEMNEE ©BEES 00000000000000002 Seeee3  baaver
" NNUNUR 4608 0003C3000600000 +

-Scor

Eo?f,(o(’les-o.ao
-0.30 1.25

NEuRERE 000
400 KILES
|

uBBUBHBLEG sEBNsENEN
guadduauy usssvfuny
gHeBILltG6e
seaoauaca

.o o8 0000 3
e et e eevey 000000VD00 GBOBOGHOOD aoumpsULN ‘
-:::;;;;:;-:-lnznxnanas:;::sa;-:a::==n:sn=====as=:- I«igure B: Sixth~Order Trend Fitting to a

b]

30

30

n

30 30 Surface of Temperature Changes

Class Frequencies




ARNNSFERARGEANNNED €88AC QOO0
BEESUANENNGNESES €A060 D000 +e e3P tetetttrtttteey
BAVRARABARAENY HEAUD V000 et s+t e s+ttt 0400004000040 e
B8 68003 00U0 ¢essttev e etrese +edtré ¢ty 00 Q
88 080600 0100 4t er ettt cnoosnsennse HEbEEér &0
SRRNERNURGERANEREN ©088 00000 ¢ttt e3tite ] tesee [ 2¥X)
EBANUERANERENSANNAN eﬂ%ﬁeee Cu0Qo3 ted AAAAZEXX AR 2 2 YR XX AAARSEARE R A
SAINAIAONARENRUEREN HOLUUHOGH anuaoo %Q"Q"'."QQ.QQ" + I X2 R XXX 22
GANARKUUINESRAUANRE 864OUH0OHLGUA QUUA0ANVO R X R X Y R X R IR R XX R R R AT XXX
| EEVERENGRENBANS 3N GUUHBEHOBOO oouugooan 2 FEEET PR PP LRG0 ERE S
EESRYRANTRNARTEUNEBIAR LELHASEEUHAYOIO LOUBLDUA00LHD L X X Y I R R R R AR R XX N 2]
SHIANENNGURERERUE €©EHABBNER6YHEOIYE auaoauicocoon FEICEEPE R4 EEP20 444
SRENCERANSABUCRAN BDOAKGLOULEBEAAYUABULVHEL 0ON0D00LOLNICO00 ¢E+4tt+tt Pt ettt
RERUERNRERONENA HEOBUEOA0HEBHOBAVHNEBHEHE 0000C00000UNNONN 24+ 444+ 44 L2404 4200044 +4430 00 66866806 84N
SEEDERAREANNERE A0UOUE06804CHILAGHIUEG0IAE) 00GLONO000000Q0NNICE +45 ¢ttt bbttbtéteéiet+s . 000000300HEBREES ASHLE
ERYINSERVNOER 0IEUHAHOLHVHOVAGE60O0HLUE3EEA0  0000200000000200 +ettdidttttlttttttrers sy 00NO0ON0 ABVOBIEEO JN
BENOSREREANDE 6O0A0UVEYNLOBUED 0YP89080a€H8HA CO00D0N000NCN0DNN0 ¢+ttt ttttstttbst it le 20000000 BEBELBASVBUA
SENNREBNXRRE B8UOGO0BGOGLEA oauo H6di466606 000000000000000DL +eeedrttil teetttiteris 000020000 6605066
NSEOREENEEE® 08080068¢Q 00000005000 BUUBRBBHER 0ONDODVO200004020 +etitebsertttrdt e+ 000000000
NUBESNTEEEN 66606648 000000000000 6504A8HU66GEEE 0000CDGUONNLU00N +A++44 444440304344 44+ 00000N00000Q03I00
ERGRENRENE 806686868 0000000000000 8406E0006€808 300000000ACVANUD  ++ésdtiettdttet s t++ 00000000500000 2
SEZEESEOUE 68888409 000000NOOUD HEHBENHLOEEHEABG 000A00000002000 ++4¢+ta ¢ttt rsttises s+ 0000000000 [ 4

SEEsEERM qig%ﬂﬁﬁo 0000000000 6UBBUEDLABEEGOHHABA 00000000000000 +4++E++et44etretttss COONDNL 2 +4440 +

SREEUER GJEUG6668 000CCOGO0U0 61ABNHENEBUAENNLBE0BEEHE 000000000000000 +++++EE 4S540 E420 404 (2222242 Y]
SMuxg8 00688 000OOVOQUU HUEE .'GHGEUGEGBBMBBHHBQ 0QuUODO0OCRN0VNN i+ ¢t+ ¢+l 2404430410012 0200 044
BERR 6066 CO0QOUCCCOUO0 6468uEE6HLHHBE20V06UAB050 00QIREN000CO00Q0 ) (2222 X CPELE240 040404430
AN 6 00000000C0O0CN00U BaEHEGHBOBER6UBABBAVBEEB 00IRINON02000000000 EEEETE HEP P ELI20 000000

100300 4 0CO0COUO0U 6860HYBULVEBLAHBEEUNAUEE0 000NOO0L000OK00000D0) S ¢t4+1Stetbr et
+¢44¢+ CO QOQLOOOQ 0580UBH0HUBAGEHEBH606 000000C000COAR0N00 0DON00N0 DI+ ettt +e2¢
0D0000 €686686£0686Y2ULYLBA2 Q00A020000004000 2 +¢+ 2 t P20
Jooguo 86gauneuun 00000Qoo0c000 FHEEPL TG E TN NS
00000000 Q0000000000000 CHrEEtes sttt rtttrtit bty
0 0000000000000000000000 CEEPEREFREPLE24 00400001000
Class Intervals ++ 000000000000200 tet ettt deese +++ 40l

' tese O 3 CEETAELEIEEEE O
Relative Humidity Change t—~Scores e et et tertel
-Q9469 -4.98 “3.49 ~2.57 -] 035 et ebbete b
-4 98 =3449 ~2e57 ~1,28 3.9 tEEEE244 00 MILES
azx
-:-lI-l:a---lsala:-gnzussng:x:aalz.sanl.:una:su- trees
cesvovess HEEIIIILS ©000Qou00 svassesa (TTEE{E]]] vee 4
acecsases TEEFFENISE 0000000Q0 ad8ye6nas .llllll“l.
eveelasse FHEF2044Y 000030000 GUHUABHHE BUEILUNNN
escasvens PEECEELESE 00UC00000 86888UBA8 SUSUNXENY
eeesevaves 22222224 000000000 gudE guuUY HUKENNNEN
-OSIIBlt‘..-lllSII.II”I:I‘B:IIIHHS!:n“:.ltzn:ﬁ:lll

20 a1 30 30 Figure C: Sixth-Order Trend Fitting to a Surface
et of Relative Humidity Changes

Class Frequencies




- £1¢ -

115°

oocoo 0 00020000CCO0N000UN0N0000 ¢+4téetd
00000000000000000000000G0020000U00 +ee et d)

000300000000000 0000000000 teteetd

00000000000 680668688868 00QQ0COQACIEEr o0
000030000 8UBNOUB6HG0 0000000 +++tee 1.0

seseseclococlale
seasene
¢ 000C00 6680660GHE QO00DUOD +Et4bvre o0

svevessssveslos

+etttdédd TEEE PP P24 444
\AAAAAREAZA X4
ttttbtebbteee [X]

444X A XA R 2222224

$00css0c0c00 0000 st

esvseessessseIocccososccen
R R IO ey
000000004 0C00000C00QA0UAVA00TNN ¢+ttt sevvece2evcsrconlocsesscrocrse
[E NN NN RN NN NN NN NN NN NN NN NN NN

2000000000000 686668 000000000 ++¢¢++4500000sv0ssesssovessseslocasones

esee
elae
Q0 0000000 6GLOKOGBOGY QUOOO0D *FrE+++¢ ceescsevnslosecccsssessssnsoe
...l..'.
svesscee HHEES

etsee $H43¢

(24 0000 6GU868 0Q0000UD teeted oo ssevevesrerrree
+éb d 00 00000300 *"f"' 00 ssesecsscrsnvssncsnssnnee tHEbES
1 “eee 0000000000000000Q ¢+¢ t scecevserseccrssrrrimesnse
ve +¢¢  0CO00000000000 ¢+2+¢F 44+ s000l000svssslocee
leoe +e 000000000 #4+¢+4 44+ cosesssccssssessnsssorschtéttes 0OONON A
2+ 4402 OD0 ¢4+ 44004t coenvesccssstscsesnssone

e02e00eel200000el ¢4+ 42¢4¢ LODA00I0 BBAGLAE
+e444 444+ QUOAOOCOOO0OQ
tetttbte ettt ey 0000000000000000Q00

108 95 8s°
[ o ¢+
agsna 66 000000 n
sgsEas 6 56eaa8aac0e0 8 3 ] .
NEBURUNNNENSEBEAIE AUOUBE 00000 ¢evéd N
5 NEENEENERERSUNEUBINENEREEUNRANK “15]: ] Qoo + t4d
GERE2 66 O ASYEEEONEENVSENAEXORNTAXECSUSNNEXEUENE €86A6HQ CQ0CQQO0 O !

o8 6egueaoeee = [ 1 SESEBANGUERYSNEREUBEE 5 Q600 0000CcQ0N05Q0 0"'0"’1?' . . .
| &0 auooe gas [CT=1:1° [s[e]oe]¢] 200 00000 ++¢¢ > t4e¢e ¢+ Q0
45 00000uU0 ugoe AnnuENEANNRN uugee qaaoan ‘ot 122 [} 20 03
6 000U0000U0N0 «#BaBaes 6206680 aQooo CLELEL LR 000000404 uoouo f 000000 638

a8 a50 00000000 3 €68G886868Q68HOUVUO 00s00 CEISEEL LG PRI EELIEEILY] 100000¢ ! 3 0300

002 ¢¢¢4 0COO000O0OUVO 6BBIVAY aouooua bt ee tEtlebbbes §000000U0 684068 uRS
300 +++¢¢¢ 0O000VOLGOO C00020000 ‘et et ss00ecvcnceve [ 2228 X1 !00[}0090 a80na46088666863
0000 ¢+¢¢ ¢ 00000000000000CANACDLOUOU ¢+ ¢4+4¢ ool esscesscsssesescnece J¢btter 0000004 g 5“9998688863“66&82‘“,

tHee+2+4¢ 00000400
téeddee 0030000 6HOBOA0B0AELEDABOAEE
+2¢4¢4¢ QLDOO0OO BGABEENONOEBAEOSAGEH2EY
térbey UODOD3 BS5OBHENABHBARLBBEN20404
+tleete 0SN004686EABH 3008608A0288HYNE

++te4¢ 00000 ARBLOOEG oaesseao.

1¢eed 0AOOs 8HBOEH susldE 6H4BS586

¢ttred+ 0000 6EAGEE NMEESANE 26RE6O 5

¢++4¢¢3 00000 €PEEC BENRTNEE €8A6860 Q0

oono ecneeu s 1ggsa5068 0000

0000366€6864 8 288 366868 00()g

0ooo Bﬂiigﬁa #38 3 €8866 00¢

6

tebe et
U6 48680806 020
B86UAB060805688 00Q
ttetete UODO30 LOEHAUBBAESBHEE 00
+ett b+ 0000000 B8UEOAAGHABL 64AQ
a0
0000

onon ee

Class Frequencies

CEEFEH PGP PP TRttt btAtEIttetd+e+ e 00(QP503000000000008003
Class Intervals e o4e PrE2ebebetibetee a3o Qooag acaoot
Precipitation Change t—Scores NegmaJ200000 3 3124 42,00000000 00000
000000000000000 2§/ 0000
«3,58 «“0e93 ~0e26 0.27 0.71
. 00 001 oooo¢
«3.93 ~-3.26 0o 27 Je71 2,38 68808
40 00000
AR NN AR E SN AN IR A I AN TSI AN NS ENE AR AE N EIIN 8en8ae ] 200 400 MILES 0 o
essseesee dtbPetets 0D0O0OVUCOD HEBHUHUUE NISEEENAN IR I + l q
evsssesss tEtteesesr 0000D0VUD BHOLBANUE BEBNRINESE 4
eceselence ¢4442¢¢4¢ 000030000 686HAO000 WIIZSAUNK
eovencece tHEtretes 000000000 €HIONHGUOE NEBURENES N
essencsee PHELEEL s 000000000 6HBAUBNAL NHEENEENUN
RN AESEA AN LR AC AN AN MRS N AR ERANS AR KR A ERIIRENR RN
30 30 3 30 30 Figure D: Sixth-Order Trend Fitting to a

Surface of Precipitation Changes

A0888A0A0€8HE8G5B63H8



- %1t -

NUBNESNESRME S sEEgEaguRENERSNYM
enuae 60068UB6064€VANBEAREA0
BNEBNER 4000009UHAGES5UHAVBANUEYVCEE8HEREL06€00HH60086600868H04GE8HE BN
WHNES ©0688600406086(180000360680UYARELLA00AGUOBEGEUNARGIOVONBABOOEANBEAA
28 60ougebasuasGue 85686H8ULEDOGHENGS5B8000€EL00AGU0ELU000 ees€aaw i .
® 60068 608LV6GL: 006008A0BEYSHVEGEPMOLGEBHA066086000 0N0PD BBBLELBLIBFCO0OHERNIYE
(2 ] Q00000 A66868800600€0000000634 6HECEANLEKAE60BG00 808688AEB6GOAQVMALE
a8 0000 00g000 GUEBEEHBAAKOUNANA BUAANUNEE00HDEHBU0HAEB8HNDEBBHICHBNA0IEBOAA )
9 Q) [ X X3 agsé 000 08860686046 0UBVHUAGLLS6HODOAGHN20E6AVBNEALEAREBAUEBBBARY
0 ¢éée [ XXX 0uaonos HUUUUUEHEBNE8HB0E68H066600HACEHEBUEGLHEEEN2EE80080H
3 4 XX XX 0u0000 1008000€0000€€0000800880606600080806600088UH18A50
® eeescssscse +#4es 000000000 2 fguaecan3eannan .
* coepesescnalons teed 0000000000000000OCCO000G00G0QA00S0N0 8€0068081664000806UHA O nENEEEIEASEAS AN
(X3 ssstsseransesss CHE3IEY  (QOUUOULAO0QO020Q000CO0G000UAQCCAO05G00050 etaunagasahvssnfvAbboeny 3 Swum
X LI Xy \ X222 R ounooonanoocanadnoonaannozanoocaoocoana ABUBAHBHHDK66HERHPABNHNARBBNASAEHDARYE
¢ 2ereertcractanecnae tEEEEEIECL Qaocoaocoonnaq BREHOGHA (184 HEAEHHNBHLEBABBAIBBON .
2 geucaesstetoncqeveccee THEINEPNECEEEISTEEPAEOIEREEAIELLILES I  Qaogooo0oa0an ARHODAHHHEAOINBUOUHEHIBBHIAS
¢ 0000000000080 0tcaas IO HETEEETRIEROEEAETO ORIt IQACEIEELItOt anaaaaonacon figeaen a9y
& solosovravanoosnoss CTHEEREEETRIEREI2P LA AAPEREEEIASEELEEEGELEIEQE | QUAOOIANSOOONON Qoononn4na
AR LR 2222222222020 00002 220 (22822222222 ananaaonuooenonecannonzcanan 2
(IR R XXX X020 AR XEEXI KX Jterettrne2 @nonqoaaoonanaooanonn + ¢
‘Q'OQ!.Q!!‘#;Q FEAREERA PPt PRt bttt ittt sacnnnnnenarsnene  HREEEEEENEEE QUONODOOONDACEONNANT Jvet et et

FEEREETEIENNEEEEREbRITIitY covenotonqatcnanesen HTHEEEEETEESY I0000N3NDOONANA ¢4 ¥¢Y +43

IEXXXKX) B AR AAARAAARE2ARA FYEEE sevvnonnovrorenensenee $HERRELEEEEESYT OLQOGOUNI002 ettt o
R AR LRI A 2222222222022 RiAX2] qatvvo'Qo'l'.ooo.‘.-oo tEEE2440 et QCGH 0000200 teeee e
leoenevannnes PEETEEEATEEEE ¢ eevventrscnreneWaa sttt iteettts QOOOROONONONDD tertesd

sesevlosonslovanes 00 TeeT It TN NN NNt shee BEENANEELEE  030QLDQN2ZANN0CION0 ¢4 ¢
Tratsevevtcecccccsctalonesconrectauansscssenare tHtEEEEee  QDONONNAONNDANOANONNGH ¢
cvvsrsverssrncnensleanne@®@oseqentitirstides QIODAONQAAODN QOCONAQQ
tevaevanssssrcrsrsesstenese s tHEMEEEE  QOOOOONQOD aa A ]¢]8]
eee FEEEEEY QOOQOQANO aaagueaag
sesncevcesassettevsacnsee tHEteed 000UAQNS HABBUHUALNOHOBAY
tttie e AOQAIAN GROGY  HAersla
++ 0000000 - R

Class Intervals
Chagge 1n,Ixecipifation Dayg Scorcy
-~0,78 T 0.23 0493 2.77
SRR AER B ERASEXE ARSI LR E NI NI S EERABITCRIZIZIVNESTERZESZITRETE
cesesasee HHEEFLEES QUUOOAOUU HOBHARBUY EBESERENY
eesceseee tHEVEVELY QCOOCAOAQU GHAAGHHUEO VANSARUUY
elacee tEEE244 0+ QQOO3U0AAO HBHANAGHER (fT ST iY )
et ocsavee FHEEEEEELY 00DD0OO0AOA GIHBHAHNAVH UEARUENYM a
e0vsnscee tHETEEEEY 000ONA0UN0 HaHAYUANGH URUBXBUKN

EEENBANMASSALEISUEGESIABEANAZSRIBSAISETARAIBIANIISRIREIIS

0 30 31 30 a3 Figure L: Sixth-Order Trend Fitting to a Surface
Changes in Precipitation Days

200 400 MILES

Class Frequencies

I E——




oQf eavese0086
000 86UHEHLOVAGHEB0BEV000
00 6810066600850868000000086 2000000 boe L
0 868OBHEOVV6660BO8NLENELOEINUY 00U0003  theeet sesssras

00 60HUH6AB80660600084AE) 8BBAGANABYAUYEBH aco (X2 2 X4 ssc0ssse y IXX XY

coo s 2 06ULHBO0IVERAUBHEHH0HB6HG8 8 0000 bt ee . ,

Q0uno000000000000 200006VEBO0AELABHS5ALUGBEBEAHVAY e aoo *e2¢4 I e Frede e O
000000000C0C00000000 0 6e868u6a88448A80Y oodgavhbveven Bﬂw L XXX 2 . v (XXX g
0030060000000000000000000 H06UYVHHLYBBUUGLHIND €e8ayo a 0co ey 1. . ++ 1.00040
0000060000 Q00000CO00C CHUEOBUUYAIUYUENS BERBNEREREN Houeuane2 000000 teede "'-‘ +¢+ 000002

0002000 +bees 2 000UOO0000 H6BUEBHHALHUA RN NERAXRANZ2ENE #96una86 000 (2 X X2 X1 * 4 ¢3¢+ 000000 €6
acoo0o (X2 ZZ XXX X X 00040000 yauUBAHAdY NENAARSNNNNNEANNDENN 60080443046 000 ) L X XXX Wi eeted 0001000 8 S8
20C0O ¢+¢eedttb ottt otsss 00000000 65600860UHNN RDSNABCHNNSANINETNEREY OHBOHOVAIH 1O 100 0'0 ++++45000000030 4
QOO0 ¢42ttt bttt ebbtertdes 0O0CO0000D BEEEHBHUYOH RBERIREGNERSEEIRARNNDRE LHEBCAO58A6A0 ¥ Lo0O000 3 PRee et e 444 00000002188
Q0 doetttetbtreltttdseses O0UN000 UBBUBEWHAY RERNESNARNENNINGAREANE HUGHOUOEHA4000000001 +t2¢et ettt esses 5001000
R00 ¢0¢e ¢ +¢4 04042044420 430000000 GULUUUHELE RAERENBABVENIRIERIMNRNG GABHOAOOHE 000UDSO00U ¢tetéeletrtteeel 2 0o
O s¢ter 23400 bteetebtee 0000000 HOHUHIOGE0O BR ROAAREBORANIZGER BOVOUHEAANRO 000000Q0O0N00D *F+E4F P4 ¢ 442400024
Q0 J¢tttettttttttcteeresrs 0000VDV0 UHUBLBBEOULUE ARRENRENEDNNMANURAENRE GGUHVLOLBVE 00000002001 44044400420 401
ADQ teddteb sttt bbbt et DOOOOUO BUVBEBHBIHOBHBY B NEBNNEIZAABUINS OLUAUBHEAHAAO 00020008000 +¢lette0¢¢45¢44 %
CO ¢+t dbb bttt oveseets 0000NOVA0 UNHABHREOHUE ERNAREEEINUIRS 1OOLERHBHAVOHE 00000U000VUND 000000000000000:
00 ¢+Setttbttrtetdttssd 00000000 ULBYYILIBLEUGY EBRXADORD HA806HH50608106068 0300300000000 ettt tes2¢+t )
00 s+ttt betteeeers 0000000U0 HUBUBEHUHOEOHOE 2 66BDEBEVEA0BOEBEES 00000N000N0000 ++te3+ttetes
G0  ¢4evterserersr 0000000000 BUUBHAYEHEEERULBEABOOB]EABNEENILARBOAEUB20 00NC0NOD00ODONCO +eriterttes §
000 tebve t+++ 000CONO0V00D0NLY GHE3UHYEOH6LEALNE66VUHEI60868UHAEBABANKLANNAEEE NADCKONO0N00N0000 J+2++ ¢ttt 4+
aopo .oé,?o 00000000000000 e1&899neauunauuuuauaaeueauauaeaeuuuaauaeaa 01000003000CCON000 +é++tt s
200000 +++¢+ 000000000000000GO HE00E660B06OVENERBAREOHIVHBHNLNALANVNOGEAE 03 00002C04 0000 (2544
0C0000 «+¢+ QOCOOLVOO0UONCOLEO00 66808083&3!’03“9656&86(%1’&0660880489888888 %ODOOJDDOUDDO +5¢
10 0 +¢¢ 000000000000000 0086HER0LENALLLBBHBLNLLGY IVOBHAN0NE00888B6IHHBE 000100000 +
$é 54444420 0Q00000000000000 6388UBHHNBBEBBEOHHOBBENLBNLEHAKAABEBBEB360688 S0000000
: RAAAAiAAL] 00000400000000 a48UVUHBLEHBE08860060808VEVBHBAE68588€8 0002
) +, & 00ngocoQuo2uo 43u8UHEVICELBUOH01 HUBH5HLOVOA HAAEEABAENOBL 00
(22224 €00000000000C 66006660600V0B8H060666A08UBBBHORGBEY
(XX XXX X 00000000000 AU UEBHUAHEOHUBUEE ausnga6€08
(BRI XS 222223 000000000 €A6GEA8BACA00A8 6LU565BEBN 68686605
E . +éeeetee+ 00400000 G6634EAC0HEOOS MY (1] H €68
Class Intervals cogan + +E¢4+44200000004 81 11686AGEE BAN 600 0

Wind Velocity Change t-Scores ‘ +¢++4+ 00000 B 460 00
-4472 1435 0.27 1.51 3.15 t+ete¢ 00000 a0 ¢
-1 35 0.27 1.51 3,15 16 .60 ++ée 0300 200 400 MILES \0 ¢

-‘.lﬂll“-ll-'-“l--l---aISBBIIS:Iﬂa‘ﬂﬂ‘u'lll::ﬂlﬂgllﬂ "‘ ' 0 ! + ' .
*EteF e+ DOUOCOUOL HHOBUUBEY slMERENER h 0 D 8 N
s+stete++ QO0000OC0 €EBHROGEEE BEEDANERY 46
essslesss THEF2¢4ee 000030000 He80u4 60680 -
*eet 4 e 000000000 680OULEPEE BUNEUE | 3
essenssss *HEEE G4 0000000VQD ey6QaHBBAL ERBINNLKLAN
--nn--uu----z:-;a::-.aan:anz:-xn-ulnzasnn.‘z:=a:nc-

_30 30 3 30 30 Figure F: Sixth-~Order Trend Fitting to a
Surface of Wind Velocity Changes

Class Frequencies




e6ga68
eaga2a64080 5 umn
606480868083 66UY
(: 1

6 5000000000000

ou

NOLedtstt 4ot et 4 Qo000a0

O teeedr [ XX 22 X2 1 qQooaoooa
40 +e¢¢
O #0¢% csesssvnsseses X X XL X R

¢4¢% osvesscrslecsseces

b s0vvel
#3seccesetvscovernceervenee
loveecscesecssrncscssnse
Ty

seoebae

s +44¢ [efeleda]e]elefelefelalelsale 1i}
sse ¢ 0O

000000

e tebbb bt e s

e tEe by

oo t+ O jbesoebaeauiane

ee ¢+ 60 EANZEEANSEANEER L]

SEURTIIAN

Class Intervals

Northerly Wind Change t-Scores

=545
=131

L2 TR A2 22 2T P2 A2 E 1 VSR ST R R PR T 7 R T F F ¥ F-1 513 Y

~1e31t -Ds43 0421
~0.42 021 lely

+tetrdeér 000000000 wUBOOEABE
4t eeeed 000000000 HUHUYOHUH
4442444+ 000030000 B8HBO4EAGY
+ttét e ey 000000000 AEBOUARBE
treveress DO00OCO000 HUBBEUOBO

8800:#36 4 868 0He6688 00UA000 +EQIErEIEIEILIbESESE
08680060808 €AGAYVBADAIINIBVOBGHES 000000000 Perecervoriees
0880168B0306600UE666GHA 0OV0O00000000 3 (XX X222 2X)
884LNBH884 6688 00001 00000000000000 S

500a0000000000000 0LOOV00000DDVNOON0OCCN0010020
0000U0000000050000000CON000GLANC0O0SAU000C

bt bbbes

evssseel ¢PdEbtIEGEEFICELL
teedEeRBIEIIEESE  000S000D0UV0AN0 BOGE6EOBEAEOB28HEH

XX AR XY XXX IR 24
IR XX R AR X222 2]
I R XX R R R AR A R X el

[T I R R R R R X R R A R S SR A AR SRl g
[ R R R R R R A R L

oconaa PEPEEIEEEERIEEES

00000 122 2 XX 222 XX 24
le + 0 @v [:1:1:]¢] 0000 ettt brTitEEE 0000000000 BBBBGAEB 0 01008 ¢2¢4¢ oo

1e O 6 EENUEXEURRRNURNEREIED
SUANSNBDEENANE nee

ROSENEERRMNUNERADNUSRANE 68668 000
LNMDENUNRANERE 8610 0021 +t+442¢ 444441+ 0020000030000000000 I ¢+

SASERACRANNIAE 608 000

0504000808 100000 +HErteebiatd

00683000 2+
00003

4 0000000NA0NCON00002000000(

(IR Z XTI X2 T
a00050000000030 I XA X I X 222222 2R 2 24
00002000000000 I+t 4ttt i t4204+
000000000CQA ++ e ¢ +424¢¢42¢ 4
0000000000000 60BHEECAHE6000B0B6G 300500000 #reeeteireea
0000000000000 20600080HA03BHBHOH3A661000000A0 ++++4424 44
000040000502 6BREHAEAOVEAAVBHAEREN (00000CA0D tet et éte
0000000000 ©AGHBAG6I00B5O04HHAE VDONC00 +¢¢4443 o0
0000000000 €6ABHOHABHEEEBUBBEY 000000 ++2++¢+ o2
teittietrrts bttt +ed 00D0OODINOD OHOOINBHBRHEEHOAO ODOCOD +4+¥éd voeas
0000000000 eduueeaagaUeEe 000000 +2+2¢¢ o
0000000000 66BHAE36686HA 000000 ¢+4+4¢4+ ecevel

oguoocoooaauoooaaolo
0000000000000000360683686866860

[1:1:1¢) 0400 0’0050000.’]@0 0000020000 0 000300 ++re o2,
64688 0000 ettt Fere s ¢3 000N0000000C0COBUOO000OCO Lt t4e o

0000 ¢+évréttrdtvety 000000005000002000001 ¢+t ¢4
¥EEd 4ot t b e+ 00000000000000CAS0CA0 ¢+43+

tetee e 444 0000000000000000C00 ¢
BENNSENYSENNEE A080 0000 +++4+4+4+¢ 0000000000000000000
BERENSAGXNINEE 0688 00000 1244 00003030000000000C003
ERyENEEIXXIERYR SOE0 0000000 0040 000002 00000
SN3UBESESE 6HHBE84 0300000000000
NrEERARBME O0OODOHS
Azuxigan vao
ABUXRNAN
X (]

l.lg
6445

SSUNNENRD
sNBuNRNEN
XSERLENGY

LELLI Y] 3
SENEMNNEN °

BN AN AR I N AN I AL RS AR AN EI AT ARSI ERNRCILIERE NN Figure G: Sixth—order Trend Fitting to a

39

30 31 30
Class Frequencies

30 Surface of Northerly Wind Velocity
Changes

o



= LT¢ -

[ ]¢1:]
ovao a0peeneene
L4 500 1660060000080 UBAYEBHRO0NBABBOABLA ’
XXX aQ0ooon 60060000806000080H0H0804 000000000000000000
sttt e 445 000000000 3 €68UHELABVOOVOALE 000000000000000000000 00
teetl eéreee  HO00OCQONOO 2HBVEBEHHEEEEBE 0000C000LVGL0QOCOO0ANCLAA0 +4¢ +8
[ZX XX 2 XS 000;@“0000 egeuingaaanst 00000V 000LLAUODN0DNCO0DYL ¢¢ tEE204 004,
cece HEEEFIEEFe OCOBOUOOOOO HEABS0GHEBY ] OOUO()OOODOOOOO(&{:‘]OOO +44 4 mehl h
sedose +EMbétrss 00000000000 AOBBBLHBUBIMEADNE 000000000000IKINND0COO0N000 ¢ 10 000200 050
sevesnes $H4EFEE4+ 00000CUDNO BBBUBAHBOABHLGEEAAE 0000000000G00300000000000 aaooo(g ""-. Qo000 a2
% olecsces $4EEFFI444+ 0ODOCUOOD0D HBURHBUHABUALGHERDBE 100000000000000000N00000S 100100000 o 050 068666860
4 cseseces FHEFEIEENE 0030000000 0A6OBEBEAHV06060660008 0000000Q000ACO200000UC poonavoag 3 G000 660160606806848
S¢é  secrves FHEEISFIGL OUOOO0UOOS HUHAABUBHCVOBAEE688E88 0000000000000N003N0S0 20000000' a 5606860040644
*re e s o 4tsttEte++ QOO0UOUUOCUG OBBH6O0HEOOHN2G06868 0O0CO0O0UNCOAS500000QH” VOOCONOS 0 6866068 . 36
O $+80836 ¢ #2044 40440+ 000OLD0000U0O0 oguecessn 001 000000000001000000300000C00100U0Y O eagees . 500200
00 +44420- 000000 4004444442 000000000000005 000000000t 0000506C0000000000VGLECIV000000 88306 004004000
HHEEL BB RSN EE SR ES 4+ 0000000000000G00000CA01 000000005000000000COC0D00200000000000000000 66 . 000030000400
SHEFEEEFEEEE S A4 44 0000U00Q000000000LOCO00NOUO0UL0000000000000C0000000000000000010050000 0000000030Q02
S ESS 4444 000COONODOGIO0U0ANC0GOCO000000000000000200000000004000000300040000005000000003000880
4e 00oo 0000000 10000000QV0000000000000040000401000C0000Q00000NC0000000NONOAONON000000000 §
8 200000000000000000000000000000000400000C0000000000 300040000003003¢00000000000000000030 +
¥ 88 0000000000C000000000VLLVDODOVNDO000000VDO 20 [ XXX R IR X 200000000C0N000CO000000000300000 I
B 868 00000000C0000000000000000000A0OCOCCACO0 +¢442¢4444 40242444+ 04A0ND00QC0O000000000 OCOO0C00C000 +4
06860 00( 00000000000000V0D000000OQUNN0NNA ++++ ¢t etttr sttt tire sy 000000000000000 € 4030000 ++¢
66866 000000O0CUO 0000000Q00000000CO ++4 4443404040000 040440004 0000200000300 6ABABA 0O000Q0 +
S 6 000000000 e6s6aeBy 000+000000000 0}6000000000+0:00 (222222 X4 000()002.22)0 626620686 000QQ

b -

00 0 000000000 ©60R86B6AB 5 0DO0ODVOONCE200 ++eee244 40 treett e oAty QDOOOO 886460000666 0303
| X 2 acoaoo 00860888 000000000000 +++ 44444440 F 0444400000444+ 00000000 BBBAOBAZABGEAE6 (
L— L2+ 0500000 ©u0868868 000000000000 ++Esrs+tt ettt ststretss s+ 0030000 S6AUEAAGDANABOO

000CcuU000 8 300000CO0A0 ¢++4+E2 4004004420440+ 0000000 PBSOBELOBOBO2E
ARALL0000 0000000000002 +¢+¢ 12+t 0400tte4ltiesl DODOSO BBUABBEOBIBOY
0000000UA0CCON000 +44t 444ttt tttttstttttesr 0000000 OBOBULBUOD 6
V00000000000 #4444+ 40400440004 044¢% 00OVOOO GHHEALBES B
0 00000000 +¢+444444 044340044004 4444+ 10500 600806 EAS

’ *es O PELEALIE I I LI EIINL I QUO 65,866 BE
Class Intervals . PEEEEEEISEIEIEEE2H1 444000400044 es mm

. . / FHEEEIIEREEEING aa
‘qulsttqgr]y "'qliarzlg Chapé?ﬂ L-SC%];(?:F le780 000#00000000 onen
- - 0.83 .70 10,59 tHrP 4300 geae

--l":.23..l..l.o-.-‘a‘ﬂln.aiﬂiﬂuuIBB:HI:ISII:B’====’ﬂ=-- 0'0". 2°° ‘00 “lLEs e a

censsesss FEEEEEELSL (OUOGDUOU HBHUHAUBHY SINEEEKAR N+ttt + i 0 1

cvecsesss FHEFEEIEC 000000000 HAGAGEAES NENENRERN 2

cecelosse +44824440 0D0003IVO00 HHEVAULEE NRNTISEEEE
ess F4EEE4 44 000000000 GOHBHOOOB ({1t i0}] 3
cose +HEPPEELEL D0000DD00 6088HBUUUY NBNENEXEE

SESSEREIRERNRRIANRCR BNEXEENAESNAMESCHE AR EEEERNANRENIRE

" - n 30 30 Figure H: Sixth-Order Trend Fitting to a Surface
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Class Frequencies of Resultant Wind Speed Changes
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Sixth~Order Trend Fitting to a Surface
of Monthly Wind Persistence Changes



