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Bruce P. Hayden
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1. INTRODUCTION 2. EARLIER WORK ON CYCLONE FREQUENCIES

. Dmaqing waves and stom surges Petterssen (1950) mapped the geoqraph-
A along the U.S. Atlantic Coast are largely due to ical frequencies of cyclones in the Northern

extratropical cyclones. Along most of this coast, Hemisphere using daily sea-level Historical Weather
shorelines are receding (U.S. Army Corps of Engi- Naps for the period 1899-1939. Petterasen's map
neers, 1971; Dolan et al., 1979). The erosion shows a frequency maximun along the east coast of
trend is attributed to the current rise in sea the U.S. as far south as Florida. Klein (1957)
level (Bruan, 1962), lower average cyclone central attributes the east coast cyclone frequency maxi-

I pressure (Mather, Adams, and Yoshioka, 1964), re- mum to an "Atlantic seaboard" cyclone track.
duced coastal sand supply (Hoyt, 1967), humn Cycloqenosis associated with this track occurs
activities (Dolan, Godfrey, and Odtm, 1973), and along the tier of Gulf Coast states or along the
to secular variation in cyclone frequency, maqni- Virginia Capes. Reed (1960) indicates in his maps
tude and duration (Hayden, 1975). More recently, of percentage frequency of fronts that the front
changes in the tracks of cyclones along the At- frequency maximue also parallels the east coast
lantic coast have been reported (Resio and Hayden, margin but at some distance offshore during the

4 1975; Dickson and Nanias, 1976). Changes in the years 1952-1956. Miller (1946) analyzed cyclogenesis
A track of cyclones relative to the coast give rise for the mid-Atlantic coastal region and found two

to variations in breaker heights and stoar surge distinct types. His Type I form largely to the
heights at the coast (Resie and Hayden, 1975). north of Cape Hatteras, North Carolina, and Type

B to the south of the Cape. While sesonal var-
The Resio and Hayden study is ations in cyclone frequency, front frequency and

limited by the small reach of coast studied and track locations are discussed in some detail,
the Dickson and Namias study by the short time temporal variations were not studied.
span analyzed (1948-1975). In this report, spa-
tial and temporal variations in cyclone frequencies More recent studies of cyclones along
are examined for the 94 years between 1885 and the Atlantic coast have focused on the generation
1978. The study area is Eastern North Amrica of potentially damaging waves and surges. Bosser-
and the Western North Atlantic east of the 100th an and Dolan (1960) show an increase in the fre-
eridian and south of the 50th parallel (Fig. 1). quency of storms that generate deep-water waves

of 1.3 m or greater from 1942 to 1967. The Boeser-

4 ..- man and Dolan study was updated by Hayden (1975).
"J Hayden concluded that the nmuer, severity and

duration of Atlantic coast stom had increased
between 1942 and 1974. Increases in cyclone sever-
ity are also reported by Rather et al., (1964) andU they attribute the changes to decreased central
pressures between the 1920's and 1960's. Resio
and Hayden (1975) found that cyclones tracking
along the U.S. Gulf Coast and the genesis of new

, cyclones along the mid-Atlantic coast had increased
from the 1920's to the 1960's. The pre-1920's period

.0 more closely resembled the 1960's than the years
following the 1920's. Rasio and Hayden also showed

r ~ \that the increased severity of Atlantic coastal
stors resulted from a seaward displacment of
mean stom tracks. They attributed this change to
increased blocking in the high latitudes. Dickson
and Nemias (1976) identified blocking in the Green-
land area and cooler than normal temperatures in

Figure Z. Chart of the study area. TM retai- the U.S. Southeast as the cause of increased fre-
a inset i 2.5" Zatitude by 6.0 • Zongitude. quencies of cyclones off the Atlantic coast between

Tere are 74 Tuh rn't vree e d oZs in the the 1940's, and the 1950's and 1960's.

paeting through the grid ceZZ sham.
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Cyclone frequencies for each year
(185-1978) were tabulated for the 74, 2.0lai
tude by 5. 0*-bngitud. grid calls comprising the
study area shown in Figure L. Prom monthly '

charts of the *Tra~cks of the Centers of Cyclones
at Sea Level" published by the maInthly weather

* Reaview and in recent years by the Mariners
'Weather LAI annual totals of cyclones passing

* through each grid cell were recorded. Multiple
entries of a given stam in a grid cell were
ignored. The resulting data matrix has the .~

dimensions of 74 grid-cell-variables and 94
anual cases.

* east coast. The axis of the east coest fro- Figure 3. Stand="d deviationse of the mean annualZ
quency .axintu is centered over the coast from cycl~one freuiency f'or the years Z885-Z97.
NIova Scotia to Georgia. The location of this
frequency meacema coincides with the baroclinic 5. PTM A COPNT ANLYI Or
zone separating the cold mainland from the wormer Ana= mYQ3.cy DATA
ocean waters.

The~ ~~ stndr dvainoanul.1 The Analysis

cyclone frequencies is presented in Figure 3._Piciaomoetnlsia
The dominant feature shown by the chart is th sucsflyreovdevrincipaltructure alyinapronounced frequency masimum offshore. The axis multivariant, reopv h eala ce (R t rtre in67
of this maximun is seaward of the maximum in the nultiv earia , geophyRsi adt (Ratzb, 1967, n
mean field (Fig. 2) and apparently rotated clocki- ites aof last sureeordsay, 1975) typ and
wise several degrees. -The location of the s ntmeo eatsureerrs hs yeo

dan evitionmezmonmorecloelyapprximtes analysis provides a method for deteinining pat-
darddevatin mxims mre losly pprximtes teXRs in LWar data fields (LOZInz, 19561

the locus of the Gulf 3tremm than the continental Gilman, 1957Y Kutzbach, 1967).' The objective of
*margin. The standard deviations landward of the the analysis is to isolate characteristic, recur-

margn o theeas coet ae rthe modst ug- rent, and independent modes of cavariance among
myexnd that he a i ofeyeral ot ocurencee variables into a new sot of independent variables.

may xpad eatwad bu inqeneal ot oer heBaically, the analysis transforms a set of inter-

mainandcorrelated variables into a new coordinate system

in which the axe are Linear combinations of theI
original variates and are mutually orthogonal.

To prevent those grid cells with
~ high mean cyclone frequencies (high latitudes)

fro dominating the total variance and caoe-
-~ quently from dominating the eigenvector forme,

20 the correlation matriLx was used rather than the
covariance matrix. The procedures for calculation
of the eigenvectors follow those of Ratzbech (1367)
wa Vincent at al. (1976).

10 principa component analysis pie-
vides a description of the major modes of vani-

Sability in the data set. Typically, each comoent
in identified with sam property of the data field.
The analysis also provides an index which masures

/ *%the importance of each comonent within each year.
C ~ Finally, the analysis provides an estimate of the

total percent of variance in the data set which
am be explained on the basis of each component.

Figure 2. Non oual cyclone frequenoy for the 5.2 The ftiseetor
Years WS8-ZJP'8.

The percentage of variance and the
Cumulative percentage of variance explained by the
first four eigenveators Ls given in TaJ~le 1. As
indicated in the table the first four eigenvectors
accout for 57. 4% of the total variance. The prob-
lem has thus bee reduced from a 74 variable
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problem in which the variables are intercorre- This suggests that the second principal cop-
lated, to a 4 variable problem in which each new nent might best be termed a coastal cyclogenesis
variable is orthogonal and thus statistically function.
independent. Higher order eigenvectors explained
smaller fractions of the total variance and are
not dealt with here.

zigenvector S Variance Cumulative S
Number Explained Variance Explained

1 28.0 28.0
2 17.3 45.3
3 6.6 51.9
4 5.5 57.4

Table 1. The percentage of the total vaiance
and cumlaltiv)e percentage of the total varianae
of anual cycl~one frequencies associated with
eigenvectors 1-4. The valdes in oolwm o ar s //
equal to the corresponding eigenvatue divided
by the sum of all 74 eigenvalues.

* The eigenvectors corresponding to
the eigenvalues I through 4 are mapped in Figures
4, S, 6, and 7. The first aigenvector (Fig. 4) Figure . The secod igeecor of annuaL cy-
indicates that the dominant mode of cyclone fre- Fge 5.e eodeo

quency variation about the man is, with positive clone frequencies.

weightings, an abundance of cyclones over marine The third eigenvector (Fig. 6) con-
areas at the expense of cyclone frequencies over trasts storms tracking eastward from the Great
the continent. Years with negative weightings Plains up the Ohio Valley and exiting the coast
would be characterized by few cyclones over ma between Cape Hattera end Cape Cod, with fe t

tine areas and above average frequencies over cyclones in the Gulf Coast region.. te conti/nent. The corridr of positive values

over marine areas shown in Figure 4 corresponds
* in location to the zone of increased cyclone fre-

quencies found by Didkson and Nemias (1976) and
*the east and south displaced storm track type

identified by Resio and Hayden (1975).

- -A

4'

* igw 6. The third eigenveator of annual oy-

czone frequncis.

The fourth eigenvector (Fig. 7) contrasts the fre-
quent cyclone occurrence in the Great Lakes-Saint

Figur 4. The first egeoor of aual Lawrence iver region with cyclones out of the
cyclone frequenoies. Great Plains. in years with positive weihtinqg,

storm are moe frequemt than average in soutbazm
The second eigenvector (Fig. 5) Canada. Negatively weighted years show an in-

has positive values over the entir field and a crease in storm frequency in the Colorado storm
such indicates for positively weighted years, a track area.
general increase in cyclone numbers and in nega-
tively weighted years, fewer than average cy- The first four eigenvectos of
clones. The dominant feature of the map of annual cyclone frequencies constitute four new
eiqenvector no. 2 is the maximum centered over orthogonal axes which account for nearly 60% of
the coast of the maid-tlantic. This pattern is the variance in the original data. Zn general,
rather similar to the chart of cyclogenesis fre- weighting* on these fou vectors for the 94 indi-
quency published by Petteresen (1941). idual years of record varied from -10 to +10.
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The asanings of each of the four new &me are
s'xaiaed in Figure a.

6 Figure 9. Tims varlation of the w~udZ beghtine
* of the first eigevctov (Z J.

annuaA weightings of the second
eigenvector (71;. 10) also exhibit a century-long

- - scale of variation from negative values at the
beginning of the time series to positive values

Figure 7. The fourth .iqenvector of mnuual aftar 1910 and apparently back to negative values
cyclone frequencies. around 1960. if the interpretation of seaecto

2 an representinq coastal cyclogenesia is correct,
then there should have been an increase in coastal
cyclogenesis during the first five decades of the

4NEW AXES OF CYCLONE FREQUENCY 20th centur. This observation is suppore by
Maio and Rayden (1975) who show an increase in

no. 1* mug cycl.enesis alonq the aid-Atlantic coast.

* to a i0

no.3 2 ievur

rxxo a" -we aNUy

no.4 sw air S&s $AT L~aMs j

unit em M t w s u,"

* 4 Figur'e 8. Swiaati.m of the location. of
cclone nmubers in excess of the mom for each Figu-w 10. Tinme wiato -of the muial weightiaqs

of the first four eigenweatore. The - sign of the second eigonwator (K)
and the * sign associated with alogenevsi~ for

* aVa no. 2 indicates belowl and above noml The time serie of the third end
cyc lone numbers in the region of coastal.f.heg~e~ Fg.U n i.1)so
oalogeneeie along the U.S. mi4-At~mtia Coast. forA iuwao Mg to esadv weiVitW ag

ower aborter periods of Teams. The third eLVM-
5.3 The Tim series vectm rme from negattive values; to positive

valoes beftim 1900 mad 1921, 1925 mad 19W0 awed
The time series of elgenvector befteem 1953 mad 1373. ftwitzal mallessowAwighting. for each year (18SS-1979) fog each of somm conmmtim of ageetre pinr at obeft 23

the first four eigenvoctors is shown in Figures yeass. The foisab aigenvater ob a broad
9, 10, 11, and 12. The annual waightinga of the deeline from Positive Values in doe eaWIT part of
first aiqenwector show a broad quast-oinuscidal the mom&r to low, alim La Oe Laow 19W0Is.-
variation of period slightly greater than IN0 lae the late 1940s Wmiei*Ua hase &Geaa La-

creased erth otinent bewen 13and 132.

have increased ad ftequoncies aver the continent
hae declined. With the limited tim series
leagth it is not possible to establish whether
the variation is indeed periodic.
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ABSTRACT

Winter and summer cyclone frequencies for eastern

North America and the western North Atlantic were

tabulated for 2.50 latitude by 50 longitude grid

cells for the years 1885-1979. Correlation matrix

eigenvectors were calculated for matrices of both

the winter and summer data. The first four eigen-

vectors of each matrix are highly similar in form and

the first, second and fourth eigenvectors are highly

correlated in the time domain. These correlations

permit a season-in-advance estimation of cyclone

frequencies. The multivariate prediction model developed

is called the University of Virginia Climate Prediction

Model. Forecast skill in both winter and summer

averages 66% relative to the means as forecasts.

Forecast failure (negative skill) occursin about 8 percent

of the winter forecasts and llpercent of the sumnrer forecasts.

-1 Positive skill relative to chance and persistence

is also demonstrated.
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1. Introduction

In 1914, C.J. Kullmer proposed that cyclone frequency

patterns for North America were in part determined by the

motions of sunspots on the solar surface and were thus

predictable to a degree. Kullmer's subsequent work (1933,

1943) further substantiated his claims. Ellsworth Huntington

(1914a, 1914b) publicized Kullmer's ideas as the "Solar

Cyclonic Hypothesis." The Solar Cyclonic Hypothesis has

since fallen into obscurity but the goal of long-range

climate prediction has been codified in the National

'Climate Program. In this report a method for season-in-

advance cyclone frequency prediction is detailed. The

A: multivariate statistical model developed is referred to here

as the University of Virginia Climate Prediction Model.

2. Earlier Work

a. Cyclone Frequencies

The movements of the centers of cyclones have been

4 charted for North America since 1873. Systematic study

of the climatology of cyclones began in the 1890s with

the work of Bigelow (1897) on "storms, storm tracks and

weather forecasting." Shortly after the turn of the century

two groups began detailed studies of cyclones and cyclone

movements. Bowie (1906) and Bowie and Weightman (1914)

studied the frequency of cyclones geographically and

classified the cyclones by origin and movement in order

to improve weather forecasting. The other group, Kullmer
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(1914) and Huntington (1914a, 1914, stuttied covariations in

the record of sunspots and cyclone frequencies in order

to achieve long-range cyclone frequency prediction.

Bowie and Weightman's work has stood the test of time.

Shortly thereafter Bjerknes (1918) deduced the three-

dimensional structure of moving cyclones and with Solberg

(Bjerknes and Solberg, 1922) published a paper on the life cycle of

cyclones and the theory of the polar front. In contrast, physical

mechanisms linking sunspots and terrestrial cyclones have

eluded investigators and although Kullmer (1933, 1943)

A updated his analyses of cyclone frequencies, we are no

nearer to the predictive capacity he envisioned.

* Interest in and appreciation of the significance

of the climatology of cyclones was revived during and

after World War II (Petterssen, 1941; Weightman, 1945;

Miller, 1946; Miller and Mantis, 1947; Saucier, 1949;

James, 1952; Hurley, 1954). This work culminated with

Klein's (1957, 1958) detailed studies of spatial distri-

bution of cyclone frequency and Hosler and Gamage's (1956)

determination of the secular history (1905-1954) of cyclone frequencies.

During the 1960s attention shifted to the marine

sector. Mather, Adams and Yoshioka (1964) and Mather,

Field and Yoshioka (1967) summarized the climatology

of damaging Atlantic coast cyclones and reported a secular

change toward more frequent damaging storms

caused by lowering of the average central pressure of

storms off the Atlantic coast. More recently, Zishka

and Smith (1980) reported a general trend of lower central
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pressure for cyclones over the North American sector.

Hayden (1975), Resio and Hayden (1975), and Hayden (1980a)

confirmed the trend over the last five decades toward

more frequent and more intense cyclones off the U.S. Atlantic

coast. For the Atlantic coastal region a shift in the

mean path of movement of cyclones has been documented

(Resio and Hayden, 1975; Dickson and Namias, 1976; Hayden,

* 1980a).

In the last few years improved climatological

10assessments of cyclone frequencies have entailed more

extensive and intensive grids for sampling (Reitan, 1974,

1979; Zishka and Smith, 1980) and more extensive historical

coverage of cyclone frequency data fields (Hayden,

1980a).

b. Climate Prediction

The predictability of climate is conditional on

establishing and having foreknowledge of forcing pro-

cesses, e.g. sunspots (Kullmer, 1943), chandler motions

of the Earth's axis of rotation (Ezson an Starr, 1977), sea

surface temperature fields and atmospheric circulation

* (Namias, 1974), analog climate states (Barnett and Preisen--

dorfer, 1978) or establishing the existence of seasonal or

longer climatological persistence such as identified by Sir

Gilbert Walker and E.W. Bliss (1932) and e-ployed in the present study.

Resolving the causes of climatological persistence and its

occasional failures returns one to the issue of climate-

forcing processes.
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c. Multivariate Statistical Prediction Models

Early use of multivariate techniques in prediction

have focused on prediction of prehistoric atmospheric

conditions from modern data. Fritts et al. (1971) used

canonical correlations between patterns of hemispheric

pressure and patterns of tree-ring growth to extend

(synthesize) backward pentad mean seasonal pressure charts

to 1700. In similar fashion Tebb and Bryson (1972) used

multivariate statistics to reconstruct precipitation,

temperature and snowfall conditions during the Holocene

in the upper Midwest from modern pollen and weather data

and from fossil pollen stratigraphies. Similar procedures

have been employed to predict (hindcast) sea surface

temperatures at the end of the last ice age (18,000 BP)

from plankton in sea floor cores (CLIMAP, 1976).

Torranin (1972) used canonical correlation to predict

hydrological conditions in the mountains of California

from vector patterns of sea surface temperature in the North

Pacific. Gilman (1957) used principal component analyses

of pressure, precipitation and temperature fields to predict

one variable from the others. In the current study,

correlations between principal components of winter and

summer cyclone frequency patterns define three modes of

climatological persistence such that knowledge of the

vector patterns of cyclone frequencies in one season permits

estimation of frequency patterns in the following season.
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3. The Data

Cyclone frequencies for winter (October - March) and

summer (April - September) for the years 1885-1979 were

tabulated for the 74, 2.5*-latitude by 5.00-longitude

grid cells comprising the study areas shown in Figure 1.

From monthly charts of the "Tracks of the Centers of

Cyclones at Sea Level" published by the Monthly Weather

Review and in recent years by the Mariners Weather Lo,

seasonal totals of cyclones passing through each grid

cell were recorded. Multiple entries of a given storm in

a grid cell were ignored. The resulting data matrices

have the dimensions of 74 grid-cell variables and 94

yearly cases. Frequencies were not adjusted for latitude

variations in grid-cell area because of distortions

involved in such adjustments (Hayden, 1980b).

4. Long-Term Means and Variances

Figure 2 shows the mean winter and summer frequency

of cyclones per grid-cell for the period 1885-1979. The

winter and summer patterns are similar in all respects

except in magnitude. Cyclones are more frequent in winter.

These seasonal mean frequency patterns are similar to the

annual means shown by Hayden (1980a). In general cyclones

* increase with latitude and proximity to the east coast

where a dominant frequency maximum axis is found. The

location of this frequency maximum is perhaps associated

with the dynamic affects of the Appalachian Mountains and

baroclinic affects of the coastal zone.
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The standard deviation of winter and summer cyclone
frequencies is presented in Figure 3. Like the patterns

of the means, the standard deviations for winter and summer

are similar in form and bear great similarity to the annual

*pattern published earlier (Hayden, 1980a). The dominant

feature of the chart is the pronounced frequency

maximum off the Atlantic coast. The axis of this maximum

is seaward of the maximum in the mean field (Fig. 2) and

apparently rotated clockwise several degrees. The

location of the stand.ard eeviation maxima

closely approximates the locus of the Gulf Stream.

The geographic relationship between the Cul-f Stream ani the

variance maxima in cyclone frequencies is interesting in

view of the season-to-season persistences detailed in sub-

sequent sections. The standard deviations landward of the

east coast are rather modest suggesting that the axis of

storm occurrences may expand eastward, but in general not

westward, of the Appalachians.

5. Principal Component Analyses of Winter and Summer

Frequency Data

a. The Analysis

Principal component analyses have successfully

resolved the variance structure in multivariate, geo-

physical data (Kutzbach, 1967; Fritts et al., 1971; Resio

and Hayden, 1975; Hayden, 1980a), and in terms of least

square errors, this type of analysis provides a method for
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determining patterns in large data fields (Lorenz, 1956;

Gilman, 1957; Kutzbach, 1967). The objective of the analysis

is to isolate characteristic, recurrent, and independent

modes of covariance among variables into a new set of

independent variables. Basically, the analysis transforms

a set of intercorrelated variables into a new coordinate

Isystem in which the axes are linear combinations of the

original variates and are mutually orthogonal.

r "To prevent those grid cells with high-mean cyclone freq-

uencies (high latitudes) from dominating the total variance

and consequently from dominating the eigenvector forms, the

correlation matrix was used rather than the covariance matrix.

The procedures for calculation of the eigenvectors follow

.those of Kutzbach (1967) and Vincent et al. (1976).

Principal component analysis provides a description

of the uncorrelated rajor acdes of variation in the data set. Typically,

S4 each component is identified with some property of the data

field. The analysis also provides an index which measures the

importance of each component within each case. Finally the

analysis provides an estimate of the total percent of variance

in the data set which can be explained on the basis of each

component. Separate principal canponent analyses were run for the

winter and summer data matrices.

b. Significance of the Eigenvectors

Following the lead of Barnett and Preiseneorfer (1978),

94 year-by-74 grid cell matrices of randomly selected (winter

and summer) cyclone frequencies were prepared and subjected to

eigenvector analyses. The percentage of variance explained
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by each of the first 20 eigenvectors calculated as

j compared with the percentages of variance explained

by the eigenvectors of actual winter and summer cyclone

frequency occurrences is shwn in Figure 4. For both winter

and summer analyses the first 5 eigenvectors accounted

for more variance than the first six "random" cyclone

eigenvectors. Only the first four eigenvectors are

studied in this report.

c. The Eigenvectors

The percentage of variance and the cumulative

percentage of variance explained by the first four

eigenvectors for the winter and summer seasons is

given in Table 1. As indicated, the first four

winter and summer eigenvectors account for 52 percent

and 49 percent of the total variance, respectively.

The problem has thus been reduced from two 74-variable

problems in which the variables are intercorrelated,
'4 :

to two 4-variable problems in which each new variable

is orthogonal and thus statistically independent.

Higher order eigenvectors explained small fractions

of the total variance and are not used in the model

developed here.

The winter and summer eigenvectors corres-

ponding to the eigenvalues 1 through 4 are mapped

in Figures 5, 6, 7, and 9. mhe first eigenvectors

of winter and summer analyses (Fig. 5) are
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similar in form and amplitude and indicate that

the dominant mode of cyclone frequency pattern

variation about the mean is, with positive weight-

ings, an abundance of cyclones over marine areas

occurring at the expense of cyclone frequencies

over the continent. Years with negative weight-

ings, in both winter and summer, would be character-

ized by fewer than average cyclones over marine

areas and above average frequencies over the

continent. Using annual data it was shown that

this pattern is not the result of poor cyclone

identification over marine areas (Hayden,

1980a).

The second eigenvectors of the winter and

summer data matrices (Fig. 6) have positive values

over the entire field and as such indicate, for

positively-weighted years, a general increase in

cyclone numbers and in negatively-weighted years,

fewer than average cyclones. The dominant feature on

* the maps of the second eigenvectors is the maximum

centered over the coast of the mid- Atlantic.

This pattern- is rather similar to

the chart of cyclogenesis frequency

Ji
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published by Petterssen (1941). As was the case with the

first pair of eigenvectors, the second eigenvectors are

essentially the same in form and amplitude. There is no

indication of seasonal differentiation.

The third eigenvector in both winter and summer (Fig. 7)

contrasts storms tracking eastward from the Great Plains

up the Ohio Valley and exiting the coast between Cape

Hatteras and Cape Cod, with frequent cyclones in the Gulf

coast region. Again no seasonal differentiation is evident.

The fourth eigenvectors (Fig. 8) contrast the frequent

cyclone occurrence in the Great Lakes-Saint Lawrence River

* region with cyclones out of the Great Plains. In years

with positive weightings, storms are more frequent than

average in southern Canada. Negatively-weighted years show

an increase in storms along the Colorado storm track.

The first four eigenvectors of the winter and summer

cyclone frequency matrices constitute four pairs of new,

orthogonal variables that account for about 50 percent of

4 the variance in the original data sets. These new variable

pairs are functionally similar in form and amplitude. There

is no evidence of seasonal differences in the patterns.

The four vector pairs closely resemble vectors calculated

from an annual data matrix published earlier (Hayden, 1980a).

d. The Time Series

The time series weightings of each of the four eigen-

vector pairs for each year (1885-1979) are shown in Figure 9.

The annual weightings of the first eigenvectors in winter

and summer show broad, quasi-sinusoidal variation of period
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slightly greater than 100 years. This variation suggests

that in both winter and summer, cyclone frequencies

declined over marine areas and increased over the continent

between 1885 and 1925. Since 1925, cyclone frequencies

over marine areas have increased and frequencies over the

continent have declined. Visual inspection of Fig. 8A

for winter and summer indicates covariations at both high

and low frequencies.

Annual weightings of the second winter and summer

eigenvectors (Fig. 9) also exhibit century-long scales of

4 variation from negative values at the beginning of the

time series to positive values after 1910 and back to

negative values around 1960. If the interpretation of the

second eigenvectors as representing coastal cyclogenesis

is correct, then there should have been an increase in

coastal cyclogenesis during the first five decades of

the 20th century. This observation is supported by Resio

and Hayden (1975) who show an increase in cyclogenesis along
the mid-Atlantic -oast. 'he second eigenvector time series for both winter

and summer (ig. 9) also shows remarkable similarities to Reitan's (1474)

tabulations of total cyclone nulbers for the western part of the Northern

Henisphere. As was the case with the first eigenvector -.airs, both high

and low frequenc- covariations are evident.

The time series weightings for third and fourth

eigenvector pairs (Fig. 9) also show winter-summer

similarities. To quantify the similarities between the first

four eigenvector weightings forthe winter and summer time series,

correlation coefficients were calculated for both winters
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versus the following summers and for summers versus the

following winters. These correlation coefficients are

summarized in Table 2. Clearly there are at least three

synoptic scale modes of seasonal persistence evident from

these analyses. Given the essential identity between the

winter and summer eigenvector pairs and the significant

correlation between their respective time series, a pre-

dictive model can be constructed and evaluated using the

first, second and fourth eigenvectors.

6. The University of Virginia Climate Prediction Model

a. The Predictive Equations

The cyclone frequency values at each of the 74 grid cells

(Fig. 1) for a given winter (C ) may be estimated fromw

the following:

Cw = Xw + alw 1W Elw + a2w w E2w + a4w aw E4w

where Xw is the matrix of 74 long-term (1885-1979) mean
winter cyclone frequencies (Fig. 2); a w is the standard

deviation matrix of X (Fig. 3); Eiw are the four winter
*

eigenvectors (Figs. 5, 6, 7, and 8); and aiw are the predicted
*

eigenvector weightings. The aiw are calculated from

- .regressions between the winter and summer eigenvector

weighting time series (Fig. 9) and the eigenvectorwightings for

the stmzer preceding the'winter forecasted. A similar equation is

structured for the prediction of summer cyclone frequency

patterns. In short this forecast method states that the

cyclone frequency pattern for the coming season should be
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similiar to the average for that season with the addition

of three persistence components based upon the occurrence

of cyclones during the preceding season. With the Univer-

sity of Virginia Climate Prediction Model, a forecast of

cyclone frequencies is produced for each 2.50 -latitude

by 5.0*-longitude grid cell of the study area (Fig. 1).

The cyclone frequency forecast for each grid cell can be

compared to the actual cyclone occurrence and forecast

skill can be quantified.

b. Model Evaluation

In order to evaluate the predictive utility of the

University of Virginia Climate Prediction Model, test

forecasts were made using independent data. From the

total of 94 years of winter and summer data available,

- -every ten years were removed from the data matrix. The

new smaller winter and summer matrices of 74 variables and

84 cases were subject to principal component analyses.

The eigenvectors derived and the weightings for each season

were calculated and regressed against the previous season.

The eigenvector weightings for summer were used to estimate

the weightings for the following winter and vice versa.

The forecasted weightings were then applied to the pre-

dictive equations and a cyclone frequency forecast was

produced. The ten independent years of data were then

returned to the matrix and a new set of independent years

was removed, the model was rebuilt, and a second forecast

was produced. This was repeated until all 94 years of

i r
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record were predicted for both winter and summer. While

this method of selection of independent data is an adequate

test it differs from prediction of the next ten years (1980s).

To approximate this forecast situation, the 1970s were

removed from both the winter and summer data matrices.

The models and predictive equations were reformed and each

year was forecast in turn. On completion of these forecast

exercises, the results were compared to historical occurrences

and forecast skill was calculated.

c. Predictive Skill

4Numerous methods have been advanced to quantify estimates

of forecast skill (Brier and Allen, 1951; Vernon, 1953)

and as noted by Brier and Allen the method selected depends

on the purpose of verification. The purpose here is twofold.

First, it is essential to establish the relative level of

reliability of the University of Virginia Climate Forecast

Model and secondly, identify forecast errors and determine

their nature and possible cause. The basic test of forecast

4 1 skill employed here is the percent of correct forecasts

(percent skill score) relative to the use of the climatological

mean as a forecast. Thus while the model provides a numerical

value of cyclone frequency, the skill test used here evaluates

only the accuracy of forecasts of the form greater or less

than the mean. For comparison, Heidke skill scores

absolute errors of the forecast, root mean square errors of

the forecast, deviation skill score and quadratic skill

scores were also calculated and will be summarized.
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For each season of each of the 94 years forecasted

the forecast cyclone frequency at each grid cell was

compared to the actual occurrence of cyclones and the long-

term mean frequency. The percentage of the 74 grid cells

was calculated for each season and year where the model

provides a better estimate of actual cyclone occurrences

than the mean. This aggregate skill is referred to here

as global skill following Barnett and Preisendorfer (1978).

The average (1885-1979) percent skill score was also

determined for each grid cell for each season and is

referred to as local skill.

d. Global Skill

Figure 10 gives the grid average (global), percent skill

*scores for season by each year. The average percent skill

score for the 94 years is 66 percent for both winter and

4 summer season predictions. Frequency histQgrams of yearly

global skill scores by 5 percent class intervals are given

*in Figure 11. The distribution of percent skills is near
-4

normal. For winter forecasts, 92 percent of the years

forecasted had positive skill while 87 percent of the summer

forecasts had positive skill. All years with negative

global forecast skill were isolated for additional study

(skill was calculated for only the first half of the season

forecasted). Half of the failure years were found to have

positive forecast skill for the first three months and

percentage improvements in forecast skill were achieved for

92 percent of the original forecast failures.
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The population of forecast failure years was also

subjected to a new model construction, In this

exercise only the actual cyclone occurrences in the

latter half of the antecedent season were used to

derive the forecast of the subsequent season. Again

about half of the failure years re - forecasted

showed positive skill. These tests indicated that

< major, mid-season change in the general circulation i

cause forecast failure in the subsequent season and

that aeneral circulation changes within a season are

a frequent cause of failure to achieve positive forecast

skill for that season.

The average percent skill for winter and summer

as compared with Heidke skill scores (Heidke, 1926),

absolute errors ane root mean square errors (RMSE),

deviation skill and quadratic score (Vernon, 1953)

are given in Table 3. As noted by Serfling (1975)

l"statistical models for meteorological phenomena

typically perform poorly in extremes." When all 94

years forecasted are considered, that is the case

here. The quadratic and deviation skill scores

penalize failure to predict extremes. With the deviation

skill score, the penality of incorrect forecasts increases

linearly with increasing departure from the mean and for

the quadratic skill score the penality increases as the

square of the departure from the mean. Figure 12

illustrates the relationship between global percent



skill scores and quadratic skill scores for the 94

summer predictions and the 94 winter predictions.

When both the percent and quadratic skill scores are

positive, the two measures are linearly related.

There is no apparent relationship between percent

and quadratic skill score when only cases with

negative quadratic skill scores are considered. It

seems clear that the model being tested here does a

good job, in general, predicting the form or pattern

of departure from the mean and when forecast skill is

positive a good job of predicting magnitude of the

departures from long-term averages.

While the procedure of selecting test years from

within the data record is an independent test, questions

still remain about extension of the forecast into the

future. With the 1970s removed from the data record

the model was rebuilt and the winter of 1969-1970

and summer of 1970 were predicted and percent skill

scores were calculated. The 1970 year was then added

back to the data matrix, the model was rebuilt and

the next winter and summer were predicted. Each year

of the 1970s was computed in this manner in an effort

to mimic a real forecast situation. in Figure 13 the

resulting global percent skill scores for each year

are compared with those given in Figure 10. Heidke

deviation and quadratic skill scoreare also shown.

In both winter and summer the forecast skill is about
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the same as that calculated from within the data record.

The model thus is equally good in forecasting into the

future. Figure 14 compares the global percent skill

scores for the forecast of the 1970s with the quadratic,

deviation and Heidke global skill scores. The various

scores parallel each other. This seems consistent with

the data shown in Figure 12. Figure 1.2 clearly suggests

that when the alobal percent skill score is high both

the global quadratic and deviation skill scoreare also

high. When global percent skill score falls below 50percent

the quadratic and deviation skill scores become negative.

These results suggest that, contrary to Serfling's (1975)
dictum about statistical models' general failure to predict

extremes, the University of Virginia Climate Prediction

Model does a good job of predicting extreme values when

4a positive percent skill is achieved.

e. Local Skill

4 1 Figure 15 shows the geographic variation (local skill)

of forecast skill for winter and summer. In both charts,

positive skill is found for all grid cell locations. (Histo-

grams of winter and summer griA-cell percent skill scores

by 5 percent class intervals are given in Figure 15.) In

general, winter forecasts have a greater range of percent

skill about the chart mean of 66 percent than does summer.

The isopleth field for winter is also more highly organized

tban the summer field,
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f. Long-term versus short-term global skill

The time series of eigenvector weightings (Fig. 9)

exhibit long-term trends, i.e. year-to-year and longer

persistences. Inspection of Figure 9 also reveals

numerous winter-summer synchronous departures from the

general trends. Third-order polynomial curves were

fitted to the time series of eigenvector weightings

using a least square criterion. The polynomial curves

were then subtracted from the original time series.

The time series of polynomial departures (PD) were

correlated with the time series of global skill (S) for

the following season. These correlations are summarized

in Table 4. With negative correlations, global skill

declines with increasing departures from the polynomial

trend and indicates a dominance of long-term persistence

in the predictions. With positive correlations, global

skill increases with increasing departures from the trends

indicating high frequency (short-term) contributions to
4

overall skill. Table 4 indicates, however, that strong

positive and negative correlations are not found and thus

there is no dominance of high or low frequency persistences

in the skill achieved. rven if the correlations were

more robust and significant, the slopes on the regression

are modest (Table 4). For example, use of the polynomial

curve of eigenvector number 1 weightings rather than the

actual weightings would net a potential skill improvement

of about 2.6 percentage points. In similar fashion, using
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just the departures from the polynomial trend for eigenvector

4 would net a potential skill improvement of 4 percentage points.

Unfortunately the correlations are weak and we must conclude that

* the skill achieved with the University of Virginia Climate

Prediction Model is the result of both long- and short-term

persistences in the eigenvector weightings.

g. Forecast Skill Relative to Chance, Persistence and the Previous
% Season as a forecast.

In earlier sections skill was assessed relative to the long-

term mean (1885-1979). Here, the skill achieved relative to

chance, persistence, and the previous season as forecasts is

.4 evaluated. In each of these computations of forecast skill a

94 year-by-74 grid cell matrix of winter and summer cyclone

frequency was prepared as a base of comparison. The cyclone

frequency matrix of random (chance) values was discussed in

an earlier section.

The matrices for the test of skill relative to persistence

were constructed from the actual data. Third-order polynomials

were fitted to the 94 year time series for each of the 74 grid

cells for both the winter and summer data. From the 148 poly-

nomial curves, values for each grid cell for each year and season

were extracted. The resulting winter and summer matrices were

used in the persistence tests for model skill.

* The simplest forecast to test model skill against is that

the coming season will be like the previous season. Unfortunately

cyclone frequencies are higher in all grid cells in winter than

- I suimmer. To make adjustments for this seasonal difference, the

winter matrix was multiplied by the ratio of the summer to winter

long-term means for each grid cell. The summer matrix was
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multiplied by the ratio of winter to summer long-term means.

In short, the winter of 1978-79, when adjusted to summer frequency

levels, becomes the forecast for the summer of 1979.

The University of Virginia Climate Prediction Model achieves

a higher level of skill than the mean, chance, persistence or

the previous season as a forecast (Table 5). Skill relative to

persistence shows the most modest gains. This is not surprising

because the model is basically a persistence forecast system.

Based on the results summarized in Table 5, it apppears that about

two-thirds of the skill is due to long-term persistence and about

one-third to shorter-term persistence. The previous season,

however, is not a very good forecast of the season which follows.

Lag regressions of the time series shown in Figure 9 suggest

j that model skill for the time interval near or slightly longer

than 1 year may be better than the 6-month seasons studied here.

The deviation and quadratic skill scores are negative for the

model relative to persistence. This results because of the higher

number of failure years using this most stringent base of compari-

sons (see Figure 12). Most of the years with a percent skill

score of 60 or higher for the test of skill relative to per-

sistence had positive deviation and quadratic skill scores.

The only winter/summer disparity in skill scores comes

from comparison of model skill achieved with the previous

season as a prediction. Apparently summers are not as good

as estimators of the following winter as visa versa. Or put

more directl>., the character of winter more frequently extends

over to summer than does summer to winter.
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h. The Winter of 1979-1980

The first "future" forecast made using the Uni-

versity of Virginia Climate Prediction Model was for

the winter of 1979-1980. The forecast was completed

in November of 1979 and has been verified. Percent,

Heidke, deviation and quadratic skill scores were 84 per-

cern .68, .18, and .33 respectively. The reduction
A

in the root mean square error of the forecast, relative

to the mean as a forecast, was .56 cyclones per

grid cell. The reduction in the absolute error of the

forecast relative to the mean was 0.44 cyclones per

grid cell. Figure 17 shows comparisons of the 1979-

1980 predicted and actual cyclone frequencies, the

4 difference between the predicted and the long-term mean

and the difference between the actual and mean fre-

quencies, and the difference between the actual occur-

rences and the predicted occurrences. Forecast skills

are also listed in Figure 17. Twelve of the 74 grid

cells were not forecasted correctly (Figure 14E).

For example, at 37.5 0N, 97.5 0W fewer storms than normal

were predicted and fewer than normal occurred; the

. cyclone frequencies at this location were 4.74 fewer

than predicted. The anomaly was under-estimated

at 37.5-N, 67.5°W where more than average cyclone

numbers were predicted, and more than normal

occurred. The anomaly at this site was also
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underestimateO. nverall forecast skill for the 1979-1980

winter was very good.

7. Discussion and Conclusion

The University of Virginia Climate Prediction Model

provides a forecast of cyclone frequency patterns for

eastern North America and the western North Atlantic. For

both winter and summer, area average percent forecast skill

scores are 66 percent. Geographically the model shows

positive forecast skill in all areas and as expected

forecast skill varies in both space and time. The model

essentially produces a prognoscic chart of the expected

* spatial cyclone frequency distribution (Fig. 17). The

interpretation of these charts in terms of warmer and cooler

and wetter and drier regions requires additional study.

Schematic models such as those suggested by Klein (1948)

should prove particularly useful as chart interpretation

aids. In addition, statistical pattern analysis methods

(Blasing, 1975; Kutzbach, 1967; Fritts et al., 1971) and robust

data collections should permit the product of the University

of Virginia Climate Prediction Model to derive second order

models. For example, preliminary study indicates that the

yearly weightings of the first eigenvector of cyclone

frequencies are highly correlated with heating degree day

departures from the historical trend line for Washington,

D.C., and is also highly correlated with the frequency of

one inch or greater snowfalls in Richmond, Virginia.
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Considerable study is required to evaluate the reliability

and value of such derived forecasts.

The University of Virginia Climate Prediction Model

is a persistence forecast system. During the early phases

of this investigation the discovery of season-to-season

components of persistence in the fields of cyclone frequencies

was rather surprising. Aside from the early work of Sir Gilbert

Walker and E. W. Bliss (1932) anda few scattered reports, the liter-

ature is depauperate in citations on seasonal persistences

of atmospheric properties. Those seasonal persistences

which are reported are generally of synoptic scale or

4larger. Namias (1960) refers to "contrasting 'regimes'

on the order of a month, in which weathjer processes

persistently recur," and Ballenzweig (1959) notes that

over a period of a month or a season, "it is frequently

found that the tracks of tropical cyclones cluster about

certain preferred axes." Namias, Dunn and Simpson (1955)

refer to this cluster about a preferred axis as a "closely

4' knit family." It is clear that persistence in the move-

ment of cyclones within a season has been observed and this

is visually born out in inspections of the monthly charts

of the centers of cyclones. What is less clear and more

important is the physical basis for the observed persistence.

Some clues as to the physical basis for cyclone

frequency pattern persistence can be derived from the charts

of means and variances (Figs. 2 and 3). In Figure 2, a

pronounced frequency minima is evident along the Appalachian
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Mountains. Colucci (1976) in a high spatial resolution

cyclone study of the region confirms this frequency minima.

Colucci also notes, however, that cyclone deepening over

the Appalachians is also typical. It would appear then

that the Appalachians exert dynamic, albeit temporally

constant, effects on cyclone frequency patterns. The

maximum frequencies in the mean field (Fig. 2) closely

parallel the coast, also a static feature. The maximum

in the variance field (Fig. 3), however, is not congruent

with the means. The variance maximum closely parallels

-, the Gulf Stream. Colucci (1976) notes that 1) storms

concentrate along the northern edge of the Gulf Stream;

2) deepening is favored along the coast and along the

northern edge of the Gulf Stream; and 3) that winter pre-

cipitation along the Atlantic coast may be modulated

by water temperatures between the Gulf Stream and the coast.
74

The position of the Gulf Stream, the strength of the baro-

clinic zone along its northern edge and the strength of

4 the baroclinic zone along the coast all vary in time.

Harrison et a!. (1965) reports that coastal erosion at Virginia

Beach is most highly correlated with water temperatures.

This is due to the presence of storms offshore (along the

Gulf Stream) and the high waves they produce which in turn

erode the beach, mix the water column and advect cold

* waters southward along the coast. In studies at the

University of Virginia we have found that the frequency

maximum of cyclogenesis along the coastal baroclinic

.
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zone lags behind the frequency maximum of storms moving

along the Gulf Stream (Resio and Hayden, 1975). The intensity

of the coastal baroclinic zone may be modulated by the

movement of storms along the Gulf Stream, and by shifts in

the Gulf Stream and eddies along its margins.

The winter geography of snowcover over North American

and Pacific Ocean sea surface temperatures may also contribute

to the persistence of cyclone frequency patterns. In

fact, given the multiplicity of potential causes of per-

sistence, it is not surprising that several statistically

independent modes of cyclone frequency persistence exist.

Persistence forecasting is well within the tradition

of forecast method and technique and it is generally

recognized that persistence eventually fails. Failure

(negative skill) using the University of Virginia Climate

Prediction Model occurs about 8 percent of the time for

*winter forecasts and 12 percent for the summer. Failure may

occur because the year forecasted is near the mean pattern

or because circulation patterns change, sometimes abruptly

(Namias, 1960). The causes of the circulation change are

more obscure. Additional research on seasons with negative

forecast skill is required before the forecast system

could be applied with equal confidence in all years.

Preliminary analyses indicate that forecast skill can

be improved by multiple regression models for predicting

eigenvector weightings. These analyses also suggest that

forecast skill will be maximum for forecasts slightly
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longer than 1 year in advance. New models for these

improvements and for an enlarged geographic area of coverage

are being constructed and evaluated and will be reported in

due course.
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FIGURE CAPTIONS

Figure 1: Chart of the study area. The rectangular inset

is 2.58 latitude by 5.0° longitude. There are

74 such rectangular grid cells in the study area.

The arrow represents a storm track passing

through the grid cell shown.

Figure 2: Mean Winter (A) and Summer (B) cyclone frequency

for the years 1885-1979. Winter includes the

months of October thru March and summer consists

of April through September. Units are cyclones

per 2.5° latitude-5 ° longitude grid cell.

Figure. 3: Standard deviations of mean Winter (A) and

Summer (B) cyclone frequency for the years 1885-

1979.

Figure 4: Percent variance explained versus eigenvector

number for the first 21 eigenvectors of Winter

and Summer cyclone frequency matrices and
*4'

for matrices of the same dimensions constructed

by randomizing the original winter and summer

matrices.

* Figure 5: The first eigenvectors of Winter (A) and Summer

() cyclone frequencies.

Figure 6: The second eigenvectors of Winter (A) and Summer

(W cyclone frequencies.

Figure 7: The third eigenvectors of Winter (A) and Summer

(B) cyclone frequencies.
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Figure 8: The fourth eigenvectors of Winter (A) and Summer

(B) cyclone frequencies.

Figure 9: Time variation of the weightings of the first

four Winter (A) and Summer (B) eigenvectors of

cyclone frequencies. Figenvector number is

specified on the ordinates and winter eigen-

vectors by the designation (A) and summer by

* (B).

Figure 10: Global percent skill scores for Wlinter

A and Summer forecasts.

. Figure 11: Histograms of frequencies of global percent

skill scores in 5% class intervals for Winter

A (A) and Summer (B) forecasts shown in Figure 10.

Figure 12: Global percent skill scores versus global

quadratic skill scores for winter and summer

forecasts combined.

Figure 13: Summer and winter global percent skill scores

for the 1970s as calculated in Figure 10 'solid

line) compared to the same skill scores based

on predicting the 1970s one year at a time (dashed

* line).

Figure 14: Global percent (solid line), Heidke (long dash

line), quadratic (short dash line) and deviation

(dotted line) for the sequentially forecasted

years of the 1970s. Percent skill score is given

in decimal notation.

Figure 15: Local percent skill scores for Winter and

Summer
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Figure 16: Histograms of frequencies of local skill scores

in 5% class intervals for the Winter (A) and

Summer (B). Forecasts shown in Figure 14.

Figure 17: Forecast for the winter of 1979-1980 and

verification. A shows the predicted cyclone

frequency pattern in cyclones per grid cell.

Dashed lines indicate the predicted mean storm

track as evidenced by local maxima in the data

field. B shows the actual occurrences of cyclones

for the winter and the mean storm track. C shows

the difference pattern between the predicted

and the long-term mean and D the difference

between the actual cyclone occurrence and the

mean. E shows the difference between the pre-

dicted and the actual. Solid circles indicate

correct forecast; open circles are failures.

.L4 l...... .



TABLE 1

Percent Variance Explained

Eigenvector Winter Summner

1 2 24.5 20.8

2 1.7.0 14.1

3 6.1 7.6

44. 4.8 5.2



TABLE 2

Pearson Correlation
Coefficients

Summer versus the Following Winter

E1  .74*
E2  .52*

I2

E3 .10

E -. 46*

Winter versus the Following Summer

E1 .74*

E2  .51*

E 3  .10

E 4  -.46*

* = Significant at the .00001 level
4



TABLE 3

SUMMARY OF ESTIMATES OF GLOBAL FORECAST SKILL

For the University of Virginia Climate Prediction Model

Winter Summer

1885/86-1978/79 1886-1979

PERCENT SKILL SCORE 66% 66%

a HEIDKE SKILL SCORE 0.34 0.32

DEVIATION SKILL SCORE 0.08 0.10

QUADRATIC SKILL DEVIATION 0.14 0.15

AVERAGE CYCLONES PER
GRID CELL 5.9 4.0

AVERAGE STANDARD DEVIATION
OF CYCLONES PER
GRID CELL 2.9 2.1

AVERAGE ABSOLUTE ERROR
FOR FORECAST 2.30 1.91

AVERAGE ABSOLUTE ERROR
" FOR MEAN AS FORECAST 2.57 2.37

ROOT MEAN SQUARE ERROR
FOR FORECAST 3.07 2.55

FOOT MEAN SQUARE ERROR
FOR MEAN AS FORECAST 3.39 2.86



TABLE 4

Summary of correlations between eigenvector weighting

departures from fitted third order polynomials (P D)

global skill scores (S) in the following season

PEARSON Regression Significance

Correlation Slope* Level

*Winter S vs Summer PD

E -.14 -1.30 .095

E2  +.07 + .48 .246

* E3  -.05 - .49 .318

E4  +.03 + .40 .376

Summer S vs Winter PD

* E1  -.22 -1.82 .015

E2  -. 04 - .28 .343

E3  -. 04 - .40 .340

E4  +. 15 +2.31 .031

4

* the units on the regression slope are percentage
points of global skill per unit eigenvector weighting



z

U')

CY\ r- 0 -

C)) 
- N N

z c ' r

LU

CL ( < (r *

OZL Lc LO U')
<U UO j LU -U-1a 

U
(/) 

-z
L C) Lu- 

Ca
<U 

*

-J

0 C L U -

C\ U

-z - f 0 
CL

o </

L U ) - \ C C N ~ -- 0

< E

Li Cl) Cl

00 TT

=4 L U'
V) <. r4) ' '

LU Zw~C 
-04

) LU~

. <j < 
I<-Uj 
U)o ) rVw uj uj 0 0 6 0

<-JL LU LU 0 0 0
Ix LU Q C) wU~ U LU- Luj0r (. V) cr 0 0i
Vl) L) -<- C. -~4

V) -j -i P- -J I-J -J LU '< <LUj < <*
-~- ~~ 00 00 C) 00 C> Ln

z/ Q < -j <* Z Zs
J) - LU LU <LUi < LUI - LU~ L jU) WU u L')z U~ < 0D0 0 <LU Y- < < < CID

-i >j 4: u L
LU LU LU U LA. > 0 0



~2

4

I

(

J

i

A



.....................

olilxJ



I.

0*4

......

.. ....

....... .

..... ........ .... ....
Abi



44



-Vpp
Les,

Ia

4o

.. ... .



2K

M2 SUMMER

XW

CEN VECTOR NUMBER

S

.2 WINTER

~29

l W
.

5 913$ 17 21

EZGENVECTOR NUMBER



ISA

44



.... .. -...

..... .



U,

.9

4

I

4

r



*dip

..4 .



4W4

4t.

"POW"

........ . .. .. . . ....



coA

4m



i i7:

..... ..... ....

.....



4M.6:



U,)

LMi
U,)

Lrii

a)
-4

-4

U,)

a,)

a,

9)

cc

LO

ZT 08- Z-

uU,

..... .. . .



7"

q 6

cc
c,

U,

4a
-4

U,

U,

U)

* U,)

-c

U,
co

4

u-4



USt

ct.

a,

4L
AV

U,

LnK

U,

2F
a,
In

4

LaJ

a,
4T9 Z-



LI,

Lfl

In

LU

CcccJ
ET 8 h- - Z ,

NL



j33 ~t

U,

N,

0,

L,

U,

U,

N
07

U,

-4

ZT f,0i- B- T



LO

cc
0

a,
01

-4

-4n

LO

U,V,
M4

U,

U,)

uu-



U,)

LI,

CC)

ZT 0 U,

* a,



U,

3R

a,

-n

4L

L,

LU

cmJ

a,

ZT ha h- 8- Z -I

wU
u-4



Joe-RME ~I

75-

6-

25

I t I In~ t I~ I m  a

YEAR

WINTER

75

25-

ION6 1898 1910 1922 1934 1946 1%8 19 1982

YEAR



401
.91A

- -' 30 az
Lu

Z20

ly-10-

40 5060 7080 90
PERCENTILE CLASS

44

~30 B
0

LUj
ceio

40 50 0 70 80 9

PERCENTILE CLASS

N 46.



0 .

0 
0

.6
0 0 **

A 00

; .2 -

0 0

102

.2 .4.0. .

PER6N



o SUMMER

-44m

9-0,
30

go-m

0 WINTER

tLIJ

76 72 74 78 78 88

YEAR



N ~ ~ ~ CDN .0)

192 - u -1 -7

.1 ' .I if ,I .1-
1973- -1972-73

"1974 -i({1973-74

1975- 1974475
19715- ,,I197S-78

S1978- <..... ,,,. 1977-781977 H -1978-7

/"I -
t9.2 I77-78

*1 / 1.I 1979-721/1/



Is's

-us mvJ



lc4 IS

0,

cc

0n
Ccm

cnJ



z
~20-

~10

50 55 60 65 70 75 80 85 90
PERCENTILE CLASS

40

~30B

U-

So 55 60 657075 8085 90
PERCENTILE CLASS



Is'

CM~

NI

0 L

H

- 4M

Aa,1

4~



04

ix L

IA

AM

- Sp



,j9

UJU
c*1-

I, L

1.a

H 4J

Dc4 L

C)

a. 1



Pt i J71D

LL5.

co.

cm~

O(1
4u

* 4 '.4



L -LI

17



-co w m
CO (D Mc

H-
(I)

*LL- 00
LLJLULU

(30

S) LLJ VJ)0 -

a UH
M)LL- \

V)O0H
wL -

azz JLwJ-<

LLJL) ~Ll

D: x)



Sc " v C.asstfi a 7n

DOCUMENT CONTROL DATA- R & D
$ CarTv c!asshIcatzwJl .1 zle. ,ody A .tb..rrac! ald 'nde,,,n ,nnot-rt:,n ,yU.t n' entered .. hen 'e over ?*1 eport cassttied)

I OQG;NA tN c- " * ' orpo'ate author) Z. "M4E ' SEC., - ,$Sli-N

Department of Environmental Sciences I Unclassified
University of Virginia 2b" ZRoU

Charlottesville, Virginia 22903 nied
3 R OR -'rL--

Season-to-Season Cyclone Frequency Prediction

4. 0CSCIPrTVC NOTES (Type of report and incluaive dates)

S. aJ rmOR(S) (First name, middle initiai. last name)

Bruce Hayden

8. REPORT DATE 
74. ?OT1&- NO OF .GeScb NO 4PJune 1980 37 53

So. CONTRACT O --RAN NO. ;4. ORIGINATOR'S qEPORT NUMSER(SI

N00014-81-K-0033 Technical Report No. 22
b. PROJECT No.

~~r o j e c t N R 3 8 9 1 7 0 - , , o - o , .. o . .... , . .., ,
Pr jcAN 8 170 0 Q'NR REPOR- NOMS 'AnY other numbers -hot reay be assigned

this report)

d.

0 ISTRISU "ON STATEMENT

Approved for pub.lic release; distribution unlimited

SUPOe.-AEN-AqY NOTE$ 12. SPONSORING MItAP ACg-11Y

Geography Programs
Office of Naval Research

_3_ABSTRACTArlington, Virginia 22217
3 ASTr4AC

Winter and summer cyclone frequencies for eastern North America
and 8he western North Atlantic were tabulated for 2.50 latitude
by 5 longitude grid cells for the years 1885-1979. Correlation
matrix eigenvectors were calculated for matrices of both the
winter and summer data. The first four eigenvectors of each matrix
are highly similar in form and the first, second and fourth eigen-
vectors are highly correlated in the time domain. These correlations
permit a season-in-advance estimation of cyclone frequencies. The
multivariate prediction model developed is called the University
of Virginia Climate Prediction Model. Forecast skill in both
winter and summer averages 66% relative to the means as forecasts.

i Forecast failure (negative skill) occurs in about 8% of the winter
forecasts and 11% of the summer forecasts. Positive skill relative
to chance and persistence is also demonstrated.

DD NOV .. 1473 Unclassified
S/N 01t0 1 • 807.680 Secuntv Classification



Mcumv CI SSfication

E '4 WOMO LINK A LINK a . 1Ni C

o L E ~ r FloLz w1 r ~ ROLE

Climate prediction
Cyclone frequency
Storm prediction
Statistical prediction

1

"-ORN

0

DD Nov 6.14 73 (BACK) U~nclassi.fied
(P AGE 2) S*City Cla sasfcation

a ,



Technical Report No. 23

SECULAR VARIATION IN ATLANTIC COAST

*EXTRATROPICAL CYCLONES

Bruce Hayden

Department of Environmental Sciences
University of Virginia
Charlottesville, Virginia 22903

January 1981

4
Geography Programs
Office of Naval Research
Contract No. N00014-81-K-0033

Reprint from Monthly Weather Review
Vol. 109, No. 1, January 1981



Reprinted from MoNrLY WEATHEr RzvTzw, Vol. 109, No. 1, January 1981-Aental Meteoroilolca Society

Printed n L
. 

S. A.

Secular Variation in Atlantic Coast Extratropical Cyclones

BRUCE P. HAYDEN

Department of Environmental Sciences. University of Virginia. Charlottesville 22903

(Manuscript received I I December 1979. in final form 10 July 1980)

ABSTRACT

To define spatial and temporal variations in annual cyclone frequencies, principal components were
calculated from a matrix of annual frequencies for 74 gid cells covering eastern North America and the
western North Atlantic and the years 1885 to 1978. The first principal component contrasts cyclone
frequencies in continental versus marine areas. Since the early years of this century. there has been a
trend toward increased cyclone frequency over marine areas and a decline in frequencies over the con-
tinent. This trend peaked in the 1960's. The second principal component is interpreted as an east coast
cyclogenesis function. Like the first component. it exhibits a century-long secular variation with increas-
ing coastal cyclogenesis in recent decades and a maximum in the 1950's. The first two components explain
45% of the total variance. Higher order vectors (3rd and 4h) explained 121 of the variance and geographi-
cally depict variance in the Gulf coast and Great Lakes regions, respectively. Secular variations in the
weightinp of the third and fourth components contain higher frequency variations than the first and
second components.

1. Introduction using daily sea level Historical Weather Maps for

Damaging waves and storm surges along the U.S. the period 1899-1939. Petterssen's maps show a
Atlantic coast are largely due to extratropical frequency maximum along the east coast of theAylnic cos aret oargelyduesthorextracrca United States as far south as Florida. Klein and
cyclones. Along most of this coast, shorelines are Winston (1958) attribute the east coast cyclone
receding (Hayden e a., 1979 Dolan e a. 1979).frequency maximum to an Atlantic seaboard
The erosion trend is attributed to the current rise in yclone track. Cyclogenesis associated with thissea level (Bruun, 1962). lower average cyclone ckc lon g yteter o cat ttso
central pressure (Mather er al., 1964), reduced track occurs along the tier of Gulf coast states or

coastal sand supply (Hoyt. 1967). human activities along the Virginia Capes. Reed (1960) indicates in

(Dolan et al., 1973). and to secular variation in his maps of percentage frequency of fronts that
frequency. magnitude and duration (Hay- the front-frequency maximum also parallels the eastcyclne coast margin hut at some distance offshore duringden. 1975)J. More recently, changes in the movement the years 1952-56. Miller (1946) analyzed cyclo-

of cyclones along the Atlantic coast have been

reported (Resio and Hayden, 1975: Dickson and genesis for the mid-Atlantic coastal region and

Namias. 1976). Changes in the track of cyclones found two distinct types: Type A which form
v to largely to the north of Cape Hatteras. Northrelative to the coast give rise to variations in Carolina. and Type B which form to the south ofre erheights and storm surge heights at the coastCroiaanTyeBwchfmtohesuh f

breaker hi g ad storm Cape Hatteras. While seasonal variations in cyclone
ThResi and Hayden stud. ifrequency, front frequency and track locations areThe Resio and Hayden study is limited by the discussed in some detail, temporal variations weresmall reach of coast studied and the Dickson and ot studied.Namias study by the short time span analyzed Hosler and Gamage (1956) studied U.S. cyclone

(1948-75). In this report, spatial and temporal Ho s n a a l and uia grid
variations in cyclone frequencies are examined for frequencies in 50 latitudinal and longitudinal grid
tcells for the 50 years ending in 1955. They found
North America and the western North Atlantic east no evidence in the annual means of periodicities.

of the 100th meridian and south of the 50th parallel trends or shifts in regions of maximum frequency.
(Fig. te eReitan (1974, 1979) updated Hosler and Gamage's(Fig. 1). work and reported a general decline in cyclone
2. Earlier work on cyclone frequencies frequencies.

Recent studies of cyclones along the Atlantic
Petterssen (1950) mapped the geographical fre- coast have focused on the generation of potentially

quencies of cyclones in the Northern Hemisphere damaging waves and surges. Hayden (1975) showed

00?7-066 t1100S9-09506.25
0 1961 American Meteorological Society
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an increase in the frequency of storms that generate Mariners Weather Log. annual totals of cyclones
deep-water waves of 1.3 m or greater from 1942- passing through each grid cell were recorded. Mul-
67. Hayden concluded that the number, severity tiple entries of a given storm in a grid cell were
and duration of Atlantic coast storms had increased ignored. Raw grid-cell frequencies were used rather
between 1942 and 1974. Increases in cyclone than area-normalized frequencies. thus avoiding a
severity are also reported by Mather et al. (1964) latitude-dependent bias which can occur as a result
and they attribute the changes to decreased central of area normalization lBalenzweig, 1959). A com-
pressure between the 1920's and 1960's. Resio and panion analysis was run on area-normalized data.
Hayden (1975) found that cyclones moving along the The patterns of both the long-term means and
U.S. Gulf coast and the genesis of new cyclones standard deviations changed very slightly but the
along the mad-Atlantic coast had increased from calculated principal components, percentages of

the 1920's to the 1960's. The pre-1920's period variance explained, and time series of weightings
more closely resembled the 1960's than the years were unchanged compared to analysis of raw fre-

A .following the 1920's. Resio and Hayden also showed quency data. The resulting data matrix has the

il that the increased severity of Atlantic coastal storms dimensions of 74 grid-cell variables and 94 annual
resulted from a seaward displacement of mean storm cases.
tracks. They attributed this change to increased
blocking in the high latitudes. Dickson and Namias 4. Long-term means and variances
11976) identified blocking in the Greenland area and
cooler than normal temperatures in the U.S. South- Fig. 2 shows the mean annual frequency of

east as the cause of increased frequencies of cyclones for the period 1885-1978. In general the

cyclones off the Atlantic coast between the 1940's. frequency of cyclones increases with latitude and

and the 1950's and 1960's. with proximity to the U.S. east coast. The axis of
the east coast frequency maximum is centered over

. Tthe coast from Nova Scotia to Georgia. The loca-
S3. The data . tion of this frequency maximum coincides with the

Cyclone frequencies for each year (1885-1978) baroclinic zone separating the cold mainland from

were tabulated for the 74, 2.50 latitude by 5.00 longi- the warmer ocean waters.
tude grid cells comprising the study area shown in The standard deviation of annual cyclone fre-
Fig. 1. From monthly charts of the "Tracks of the quencies is presented in Fig. 3. The dominant
Centers of Cyclones at Sea Level" published by the feature shown by the chart is the pronounced
Monthly Weather Review and in recent years by frequency maximum offshore. The axis of this

4

FIG. I. Chart of the study area. The rectangular inset is 2.5' latitude 5.("
longitude. There are 74 such rectangular grid cells in the study area. The arrow
represents a storn track passing through the grid cell shown.
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MEAN CYCLONE FREQUENCY (18USG-19)

PiG. 2. Mean annual cyclone frequency for the years 1885-1978.

maximum is seaward of the maximum in the mean margin. The standard deviations landward of the
*field (Fig. 2) and apparently rotated clockwise margin of the cast coast are rather modest suggest-

several degrees. The location of the standard ing that the axis of yearly storm occurrences may
deviation maximum more closely approximates the expand eastward but in general not over the
locus of the Gulf Stream than the continental mainland.

4
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FIG 3. Standard deviations of the mean annual cyclone frequency
for the years 1885- 1978.
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T..sLE I. The percentale of the total variance eigenvectors explained smaller fractions of the total
for the rst four cipnvectors. variance and are not dealt with here.

Eigenvector Percent varance Cumulative percent The eigenvectors corresponding to the eigen-
number explaned variance extplained values I through 4 are mapped in Figs. 4-7. The

first eigenvector (Fig. 4) indicates that the dominant
27.0 Z8.0 mode of cyclone frequency variation about the mean
7.3 5.3 is. with positive weightings, a relative abundance of36.6 51.9 cyclones over marine areas with diminished cyclonefrequencies over the continent. Years with negative

weightings would be characterized by relatively few
cyclones over marine areas and above average
frequencies over the continent. The corridor of posi-

S. Principal component analysis of annual frequency tive values over marine areas shown in Fig. 4 cor-
data responds in location to the zone of increased

Sa. The analysis cyclone frequencies found by Dickson and Namias
(1976) and the east and south displaced storm track

Principal component analysis has successfully identified by Resio and Hayden (1975). The first
resolved the variance structure in multivariant. eigenvector suggests a negative teleconnection be-
geophysical data (Kutzbach. 1967; Fritts etal., 1971: tween offshore displacement of cyclones and the
Resio and Hayden, 1975), and in terms of least frequency of Colorado lows. Inspection of con-
square errors. this type of analysis provides a toured cyclone frequency maps confirms the exist-
method for determining patterns in large data fields ence of this negative teleconnection. Thus secular
(Lorenz, 1956: Gilman. 1957: Kutzbach, 1967). The variations in the frequency of offshore displace-
objective of the analysis is to isolate characteristic, ment of cyclones is out of phase with the fre-
recurrent. and independent modes of covariance quency of Colorado lows.
among variables into a new set of independent The second eigenvector (Fig. 5) has positive val-
variables. Basically, the analysis transforms a set of ues over the entire field and as such indicates for
intercorrelated variables into a nev coordinate positively-weighted years, a general increase in
system in which the axes are linear combinations cyclone numbers and in negatively-weighted years.
of the original variables and are mutually orthogonal. fewer than average cyclones. The dominant feature

To prevent those grid cells with high mean cyclone of the map of eigenvector no. 2 is the maximum
frequencies (high latitudes) from dominating the centered over the coast of the mid-Atlantic. This
total variance and consequently from dominating the pattern is rather similar to the charts of cyclo-
eigenv'ctor forms, the correlation matrix was used genesis frequency published by Petterssen (1941 and
rather than the covariance matrix. The procedures 1956) and Reitan (1974). This suggests that the
for calculation of the eigenvectors follow those of second principal component might best be termed a
Kutzbach (1967) and Vincent et al. (1976). coastal cyclogenesis function.

Principal component analysis provides a descrip- The positive sense of the third eigenvector (Fig.
4 .1 tion of the major modes of variability in the data 6) contrasts above-normal frequencies of storms

set. Typically. each component is identified with moving eastward from the Great Plains up to the
some property of the data field. The analysis also Ohio Valley and exiting the coast between Cape
provides an index which measures the importance Hatteras and Cape Cod. with below normal fre-
of each component within each year. Finally, the quencies of cyclones in the Gulf coast region. The
analysis provides an estimate of the total percent of fourth eigenvector (Fig. 7) contrasts the frequency
variance in the data set which can be explained of cyclone occurrence in the Great Lakes-Saint
on the basis of each component. Lawrence River region with the frequency of cy-

clones moving out of the Great Plains. In years
with positive weightings, storms are more frequent

b. The eigenvector than average in southeastern Canada. Negatively-
The percentage of variance and the cumulative weighted years show an increase in storm fre-

percentage of variance explained by the first four quency in the Colorado storm track area.
eigenvectors is given in Table 1. As indicated in The first four eigenvectors of annual cyclone fre-
the table the first four eigenvectors account for quencies constitute four new orthogonal axes which
57.4% of the total variance. The problem has thus account for nearly 60% of the variance in the
been reduced from a 74-variable problem in which original data. In general. weightings on these four
the variables are intercorreiated. to a 4-variable vectors for the 93 individual years of record varied
problem in which each new variable is orthogonal from - 10 to -10. The meanings of each of the
and thus statistically independent. Higher order four new axes are summarized in Fig. 8.
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no. I CONTINENTAL MARITIME quency charts shows a scarcity of cyclones over
-,o 0 a0 the continent of the same order in recent decades

as over the oceanic areas earlier in the century.
Resio and Hayden (1975) used 1899-1970 hemi-

nO.2 -¢Y.oGeNesIs CYCLOGENESIS + spheric pressure data to reconstruct mid-Atlantic-
10 0 10 coast cyclone frequencies. This synthetic record for

cyclones migrating from inland and forming along
no.3 GULF COAST 00O VALLRY the coast shows a minimum in the 1920's and a

-10 a a0 maximum in the 1960's similar to those shown in
Figs. 9 and 10.

To determine whether an observational insuf-
nO. 4 GREAT PAS GRE-AT L0 1s ficiency in marine areas in the early years of record

-a 0 10 would account for the secular trend shown in Fig. 9

FIG. S. Summary of the locations of cyclone numbers in excess a reduced data matrix was analyzed. All grid cells
of the mean for each of the first four eilgenvectors. The - sign south of 27.5"N and east of 70*W were removed
and the - sign associated with cyclogenesis for axis no. 2 indi- and the principal components were calculated.
cates below and above normal cyclone numbers in the region of There were essentially no differences in the result-
coasal cyclogenesis along the U.S. mid-Atlantic cos., ing components or time series of weightings. The

percentage of variance explained by the first four

c. The time series components increased 2%. The first eigenvector for
the reduced data matrix is shown in Fig. 13. The

The time series of eigenvector weightings for each similarity to Fig. 4 is unmistakable. Clearly the
year (1885- 1978) for each of the first four eigen- shape of the eigenvector is not changed by chang-
vectors is shown in Figs. 9-12. The annual weight- ing the size of the data matrix or the removal of
ings of the first eigenvector show a broad quasi- marine grid cells from the data. There seems to be no
sinusoidal variation of period slightly greater than systematic observational insufficiency associated
100 years. This variation thus suggests that cyclone witli the*marine areas of the data field. The
frequencies declined over marine areas and in- highest weightings in the first vector (Fig. 4) are not
creased over the continent between 1885 and 1925. found in the middle of the grid as suggested by

* Since 1925, cyclone frequencies over marine areas Buell (1975). Changing the grid size did not alter
have increased and frequencies over the continent the pattern. The secular trends then must be con-
have declined. With the limited time series length sidered real and not observational or mathematical
it is not possible to establish whether the variation artifacts.
is indeed periodic. The time series of the third and fourth eigen-

Annual weightings of the second eigenvector vectors (Fig. 11 and Fig. 12) show excursions
(Fig. 10) also exhibit a century-long scale of varia- from positive to negative weightings over shorter
tion from negative values at the beginning of the periods of years. The third eigenvector runs from
time series to positive values after 1910 and appar- negative values to positive values between 1900 and
ently back to negative values around 1960. If the 1925, 1925 and 1950 and between 1955 and 1978.
interpretation of eigenvector 2 as representing Spectral analysis shows some concentration of
coastal cyclogenesis is correct, then there should spectral power at about 23 years. The fourth
have been an increase in coastal cyclogenesis during eigenvector shows a broad decline from positive
the first four decades of the 20th century. This values in the early part of the record to low
conclusion is consistent with the work of Hosler and values in the late 1940's. Since the 1940's weight-
Gamage (1956) and Reitan (1979). The secular varia- ings have again increased.
tion shown in Fig. 9 is remarkably similar to that The original data matrix was divided into a winter
shown by Reitan (1979) in annual cyclone totals (his (October- March) and a summer (April-September)
Fig. 3). Reitan (1979) notes that about 309% of the half. Principal components were calculated. This
decline in cyclone frequency since 1950 is due to analysis was done to insure that the annual cyclone
decreased cyclogenesis. The early 1940's minimum frequency principal components were not meaning-
of cyclone totals reported by Reitan (1979) is less summations of winter and summer conditions.
clearly evident in the time series weighting of the The forms of each set of principal components
second principal component (Fig. 9). were very similar to those shown in Figs. 4 through

The secular variation evident in Figs. 9 and 10 7 and the time series weightings were remarkably
raises questions about the detectability of cyclones similar to those shown in Figs. 9 through 12. It
off the U.S. Atlantic coast in the early portion of the appears that the main time scale of variation is
record. Examination of year-by-year cyclone fre- extra- rather than inter-annual.
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FtG. 13. The first eigenvector of annual cyclone frequencies for a reduced data
matrix. The latitude limits of the data field are 27..?N and 47.?*N. The longitude
limits are 70OW and 1000W.
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Cyclone Occurrence Mapping: Equal Area or Raw Frequencies?

BRUCE P. HAYDEN

Department of Environmental Sciences. University of Virginia. Charlottesville 22903

29 February 1980 and 10 July 1980

ABSTRACT

Meteorological data extracted from maps and charts is frequently normalized for area because grid cell
size changes with latitude. Raw and area-normalized cyclone frequency data were compared. Area
normalization deforms mean frequency patterns. The patterns of standard deviations about the mean
are not deformed in the same way. Area normalization does not change calculated principal components
or their time histories of weightings.

1. Introduction like most investigators, did not construct equal-area

Ballenzweig (1959) detailed the advantages of grid cells for the data extraction process. This
decision was one of convenience. The diversity on

equal-area grids in data extraction and in mapping mapiformas or edtracnseofecyclne cners" he eogaphcaldisribtionof hyscalquatitesmap formats for published tracks of cyclone centers
the geographical distribution of physical quantities. between 1885 and 1979 weighed against constructing
He also listed the disadvantages of using latitude-eulaadtaclcio grs.W hveom>. longitude grid cells and of the subsequent use of equal-area data collection grids. We have com-

pared results of an analysis using area-normalized
latitude-dependent correction to achieve an area data with results using raw frequency totals, and
normalization. Ballenzweig's "practical" equal- found no significant differences between the two.
area grid has not been widely used in data extrac-
tion from maps in spite of its merits. This has oc-
curred, ironically, due to practical considerations

4 - arising from the diversity of scale and projection 2. The test data

of historical data in map form. For detailed collec- Cyclone frequencies for summers April through
tion from maps. preparation of new equal-area grids September) for each year (1885-1979) were tabu-
each time scale projection changes is a major dis- lated for the 74 2.5 latitude by 5.0* longitude grid
advantage. In almost all cases data are extracted cells comprising the study area shown in Fig. I.
from published maps according to grid cells defined From monthly charts of the "'Tracks of the Centers
by lines of latitude and longitude, of Cyclones at Sea Level" published by the Monthly

Judging from the recent literature (O'Connor. Weather Review and in recent years by Mariners
1964: Taljaard. 1967: Reitan. 1974. 1979), latitude- Weather Log, summer season totals of cyclones
dependent area normalization has become the passing through each grid cell were recorded. Mul-
method of choice even though Ballenzweig discour- tiple entries into grid cells were ignored. Two test
ages its use in favor of raw frequencies in n degree data matrices were prepared. One matrix consisted
squares. South of the reference latitude, area- of the raw grid cell frequency data. The second
normalization adjusts the frequency downward, to matrix was area normalized for an area 10, km-
make it represent a box smaller than the one in using laitude-dependent, degree-to-length conver-
which the original tabulations were made. The fre- sions published in Table 163 of the Smithsonian
quency of cyclones is thereby artificially decreased. Meteorological Tables. In this study the reference
North of the reference latitude a reverse problem latitude was north of all grid cells and thus fre-
exists, and cyclone frequencies are artificially in- quencies are reduced at all locations. All grid cells
creased. In a recent study on cyclone frequencies in the study area are slightly larger than 101 km-
(Hayden. 1980) we examined the issue anew. We. with the largest departures in the lowest latitudes.

00267.O6,d8/010168-0550.2
C 1961 American Meteorological Society
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FiG. I. Chart of the study area. The rectangular inset is 2.5* latitude by 5.0"
longitude. There are 74 such rectangular grid cells in the study area. The arrow
represents a storm track passing through the grid cell shown.

'Long-term means and standard'deviations of each terns for the two means and two standard deviations
matrix were calculated. are not identical.

3. The meams 5. Discussion
Fig. 2 shows the means of summer cyclone fre- The pattern deformation caused by an area nor-

quencies for the raw frequency data, the area-nor- malization of the raw frequency data is in part de-
malized frequencies and the difference between the pendent on the reference area of normalization. In
two mean charts. General inspection of the charts this study 10' km2 was selected because it was the
reveals little difference in the two means with the best round number area closest to the actual size of
exception of slightly lower values in the area-nor- the latitude-longitude grid cells used in the original
malized chart. The difference chart (Fig. 2c) shows data collection. This choice is common: Reitan
that the deformation of the raw frequency caused by (1974) used 5.5 x 10 km2 ; Petterssen (1950) chose
area normalization does not vary smoothly with lati- 103 km2 ; Keegan (1958) used 105 mi2 . Klein (1958).
tude. The greatest difference is near latitude 400 Taljaard (1967), and O'Connor (1964) used a refer-
where the raw frequency means are generally large. ence latitude-longitude grid cell at a specified lati-

tude as their standard for area normalization.
4. TGenerally only the average frequency charts are4.. The standard deviations presented and discussed. The deformation of mean

Fig. 3 shows the standard deviations associated patterns caused by area normalization would not
with the mean summer cyclone frequencies shown seriously affect their interpretations. Equal-area
in Fig. 2. The general pattern of the standard devia- adjustments do change frequency totals. This prob-
tions of the raw and area-normalized frequency data lem becomes serious if the area-normalized fre-
are similar. As expected the standard deviations are quencies are plotted on unequal area map projec-
slightly smaller everywhere. The difference between tions as is usually the case.
the two standard deviation charts again shows that We have run tests and have found that area nor-
the largest differences are near 400 latitude with the malization results in no alteration of the principal
greatest reduction in the magnitude of the standard components eigenvectors or the time histories of
deviation occurring where the mean values tend to eigenvector weightings published earlier (Hayden,
be highest. Again a simple latitudinal adjustment 1980). This is because the normalization of the data
of the data results in a relatively complex deforma- inherent in the formation of the correlation matrix,
tion of the raw frequency data. The difference pat- from which the eigenvectors were extracted, cancels
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the effects of any latitude-dependent scaling of the Hayden. B.. 1980: Atlantic coast extratrop3ca- cyclons-
vaeiables involved characterstic frequency patterns and their secular varia.

tion. Prepints. Second Conf. Coasta. eteor.. Los Angeles.It is concluded that equal-area grids for data ex- .Amer. Meteor. Soc.. 192-191.
traction are desirable, but unfortunately they are Keean. T. J., 1958: Arctic synopc actvity in winter. J.
impractical. Latitude-dependent area adjustments, %4eteor, 15, 513-521.
made after the data extraction is completed. intro- Klein, W. H.. 1958: The frequency of cyclones and anticylclones

ducea ltitue-dpendnt iasin te fequecy at- in relation to the mewn circulation. J. Meteor.. IS. 98-102.
duco a latitude-dependent bias in the frequency - O'Connor. J. F., 1964: Hemispheric distribution of 5-day mean
terns. Such latitude-dependent adjustments have 700.mb circulation centers. Won. Wea. Rev.. 92, 303-3 1.
been made by many investigators, but probably do Petterssen. S.. 1950: Some aspects of the general circulation of
not affect their results enough to alter their con- the atmosphere. Centennial Proceedings Royal Mereorology
clusions. However, it is recommended that area- Society. 120-155.

Reitan, C. H., 1974: Frequencies of cyclones and cyclogenesis
normalizaton be avoided in future studies, because for North America. 1951-1970. Mon. Wea. Rev., 142,
it introduces a systematic bias in the analysis. 861-8U6.

- 1979: Trends in the frequencies of cyclone activity over
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-Balnzwei, E. M., 1959. A prctical equal-area grid. J. Geophys. of cyclones and anticyclones in the Southern Hemisphere
Res.. 64, 6,7-651. during the IGY. J. Appi. Meteor.. 6, 973-97.

.4

'1

i



Secam't" Cl.assilf,.xvt on

DOCUMENT CONTROL DATA- R & D
S VCufItV Cde4Z fr¢3tIun 01 ,trio. Iodv Al obstrorr and ndexwnsi ,nrotArNr( n - 'e inrered when ,he ,veral! report s ,Iasslieod)

q1,O %.% "I'4 G a . c.rporato author) 'ge. qEp'ORT SIC'.jRI 
V 

CL.AS pir#A(' i ON

Department of Environmental Sciences I Unclassified
University of Virginia 2b Zou

Charlottesville, VA 22903 Unclassified
3 *MIX120o rt%. Z

Cyclone Occurrence Mapping: Equal Area or Raw Frequencies?

A. "gsCilpvi(v s40Yes (T~ype o( report and inClu,st dares)

S. Au ?.O4NS) (FIta nam,. middle intiIa, lait nle)

Bruce Hayden

S , apoA. ZA1' .0. TOTAL 40 Off =AGES b. No. or *CPS

January 1981 Q
$a. CON- IACT 00t 4ANT NO. il. ORIGINA TORS MIEPO T NUM m(NSI)

: N00014-81-K-0033
b. 0 4014-1-,,o. Technical Report No. 24

C. NR .89 170 E. R Me (O T N' ) (Any other numbers hot may b.e.s.ieed
thereport)

0~ ZI1 ?Rl SUT P, N $'r"A EIMCNT

Approved for public release; distribution unlimited

31, a.- M, TA qv as 12. SPOP450MING MI..I '*RY ACTIVITY

* Reprinted from Monthly Weather Geography Programs
Review, Vol. 109, no. 1, January Office of Naval Research
1981. Arlington, Virginia 22217

Meteorological data extracted from maps and charts is frequently
normalized for area because grid cell size changes with latitude.
Raw and area-normalized cyclone frequency data were compared.
Area normalization deforms mean frequency patterns. The patterns
of standard deviations about the mean are not deformed in the
same way. Area normalization does not change calculated principal
components or their time histories of weightings.

.J

DD '40,01473 Unclassified
* I S/N 0I01 •07.680I Secuntv CliSSificjuoIn



Security ClassliicatLon

1 OJNK A ,INK U LINK C

ROLE w.MOI9 W. T % OLE wT

Cyclones
Climate mapping
Storms
Area normalization

I

I

4

'1

DD m s" 473 (C)Unclassi.fied
(P AGE' 2) suut Clasaficauti



OCT. 26, 1977 JOB 46a-LOL L. .

SYSTEMATIC GEC.GRAPHY LISTINVG

0001 1 'OFFICE CF NAAL RESARCH 2 COP[t=S
COOl 2 GEGRAP14Y PROGRAMS
0001. 3 CODE 462
OC01 4 ARLINGTUN, VIRGINIA 22217

0002 1. 0EFENSE DOCUMENTATION CENTER 12 COPIES
C002 2 CAMERON STATION

C002 3 ALEXANDRIA, VIRGINIA 22314

0003 1 DIRECTOR, NAVAL RESEARCH LAe 6 COPIES
0003 2 ATTENTION TECHNICAL INFORMATION OFFICER
0003 3 WASHINGTON, 0. C. 20375

.C 04 I DIRECTOR
0004 2 OFFICE CF NAVAL RESEARCH BRANCH OFFICE
0004 3 1030 EAST GREEN STREET
0004 4 PASADENA, CALIFCRNIA"9101.

CCO5 1 DIRECTOR
0005 2 OFFICE OF NAVAL RESEARCH BRANCH OFFICE
0005 3 536 SCUTH CLARK STREET
C005 4 CHICAGC, ILLINOIS 6C6C5

C006 1 DIRECTOR
, O~q ,2 Q FFLCE IF RAVAL .RSEARCH B.q-.CH Q:FFIC.E
CO0o 3 495 SUMMER STREET
C006 4 &CSTON, MASSACHUSETTS 02210

3OO7 1 CCMMANING OFFICER
CC07 2 OFFICE CF NAVAL RESEARCH BRANCH OFFICE
0007 3 BOX 39
C007 4 FPO NEW YCRK 09510

'C38 1 CHIEF OF NAVAL RESEARCH
4 OCOS 2 ASST. FOR MARINE CORPS MATTSRS

oood 3 CODE lOOm
00003* 4 OFFICE OF NAVAL RESEARCH
006 5 ARLINGTON, VIRGINIA 22217

0009 1 OFFICE OF NAVAL RESEARCH
CO019 2 CCOE 4.0
000'q 3 NATIONAL SPACE TECHNOLOGY LABCRATCRIES
CCO9 4 BAY ST. LCUIS, MISSISSIPPI 39520

S1 , OL OFFICE OF NAVAL RESEARCH
CCLO 2 OPERATICNAL APPLICATICNS 0VISION
COlO 3 CODE 200
0010 4 ARLINGTON, VIRGINIA 22217

*1



OCT. 26, 1977 JOB 460-101

SYSTEMATIC GECGRAPHY LISTING
n0i I nFFTCfF F NAVI RFSFIPRH
001L 2 SCIENTIFIC LIAISON OFFICER
0111 1 r RkPPS TNSTTTUTTCN C F CrFANC.RAP-Y
0011. 4 LA JOLLA, CALIFORNIA 92093

0012 1 DIRECTOR, NAVAL RESEARCH LAECRATCRY
0012 7 ATTN tIRARY. CflF A2
C012 3 WASHINGTON, 0. C. 20375

0013 1 ONR SCIENTIFIC LIAISON GROUP
0013 2 AMERICAN EMBASSY - ROCM A-407
0013 3 APO SAN FRANCISCO 96503

b

0101 1 COMMANDER
0101 2 NAVAL OCEANOGRAPHIC OFFICE
10 1 3 ATTN. LIBRARY CODE 1600

0101 4 WASHINGTCN, 0. C. 20374

0102 1 NAVAL OCEANOGRAPHIC OFFLCE
3102 2 CODE 3001
0102 3 WASHINGTCN, 0. C. 20374

-3103 1 CHIEF OF NAVAL OPERATIONS
0103 2 CP 9TPI
0103 3 DEPARTMENT OF T14E NAVY
0103 4 WASHINGTCN, 0. C. 20350

0104 1 LCEANOGRAPHER OF THE NAVY
0134 2 HOFF;4A, II BUILDING
0104 3 200 STOVALL STREET
0104 4 ALEXANDRIAt VIRGINIA 22322

','105 1 NAVAL ACAOEMY LIBRARY
0135 2 U. S. NAVAL ACAOEMY
0105 3 ANNAPOLIS, MARYLANQ 214024

0106 1 COMMANDING OFFICER
0106 2 NAVAL COASTAL SYSTEMS LABORATORY
0106 3 PANAMA CITY, FLORIDA 32401

3 L7 1 LIBRARTAN
; 107 2 NAVAL INTELLIGENCE
0117 3 SUPPORT CENTER
0137 4 4301 SUITLAND RCAD
0107 5 WASHIMGTGN, 0. C. 70390
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) WCT 26, 1977 JOB 4b0--101

SYSTEMATIC GECGRAPHY LISTING
C12 1 OcFFTCER IN CHARGE
S1.2 2 ENVIRONMENTAL RESEARCH PROCTN FCLTY
0 12 3 NAVAL POSTGRADUATE SCHOOL
0112 4 MONTEREY, CALIFORNIA 93940

0201 1 CCMMANDING GENERAL
0201 2 MARINE CORPS DEVELOPMENT AND

- 0201. 3 EDUCATIONAL LOMMAND
0201 4 QUANTICO, VIRGINIA 22134

- 0202 1 DR. A. L. SLAFKOSKY
0202 2 SCIEN4TIFIC ADVISCR
0202 3 CGMM.NDANT CF THE MARINE CORPS
0202 4 CCDE MC-RD-I
0202 5 WASHINGTO N, 0. C. 20380

) 10GI I DEFENSE INTELLIGEN'CE AGEN CY
ICO 2 CENTRAL REFERENCE DIVIS-I-ON

* 1001 3 CODE RDS-3
1001 4 sASHINGTCN, 0. C. 2C301

,002 1 DIRECTOR
S1002 2 DEFENSE MAPPING TOPOGRAPHIC CENTER

i002 3 ATTN= CCDE 50200
* 1C02 4 WASHINGTLN, n. C. 20315'

1003 I COMMANDING OFFICER
103 2 U.S. ARMY ENGINEERI,%G

) 1003 3 TOPCGRAPHIC LABORATORY
1003 4 ATTN= ETL-ST
1003 5 FORT BELVOIR, VIRGINIA 22060

IG05 I CHIEF, WAVE DYNAMICS DIVISION
IW 005 2 USAE-WES

* ) 1005 3 P. 0. BOX 631
1005 4 VICKSBURG, MISSISSIPPI 39180

) 2C03 I NATIGNAL OCEANOGRAPHIC DATA
2003 2 CENTER (0764
2003 3 ENVIRONMENTAL DATA SERVICES
2003 4 NOAA
2003 5 WASHINGTON, 0. C. 20235

2 ) 205 1 CENTRAL INTELLIGENCE AGENCY
2005 2 ATTENTION r-CR/DD-PUBLICATIONS
20'5 3 WASHINGTC/, D. C. 20505

)
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OCT. 26, 1977 JOB 460-101

SYSTEMATIC GEOGRAPHY LISTING
2o7 I OR., MRK M. mA4CnaFlMr
2C07 2 ADVANCED TECHNOLCGY DIVLSIQN
2017 3 nFNlSF MAPPITU .1G(NCY
2007 4 NAVAL CSERVATORY
2017 5 W A H Ir, TN. n, - r

51 ; T TFTSTFR I A TL PKTC OR. F. WFVFR
5001 2 RUE/FO
5001 3 iUNfr S, TNTSTFRTUM OFR VFRT rOrI"I0J G

5001 4 HAROTHOEHE
5 01 5 0-5"00 SCNN. WEST GERMANY

5002 1 OBERREGIERUNGSRAT OR. tJLLRICH
5002 2 RUE/FRI
5002 3 BUNDESMINISTERIUM DER VERTEIOTCUNG
5002 4 HAR OT JOEFE
5002 5 0-5300 BCNN, WEST GERMANY

5003 1 IAR. TAGE STRARUP "
5003 2 DEFENCE RESEARCH ESTABLISHMENT
5003 3 CSTERBRGG.DES KASERNE
5003 4 OK-2100 KCBENHAVN 0, DENMARK

5302 1 IR. M. W. VANJ BATENBERG
53).2 2 PHYSISCH LABORATORIUM TNQ
5302 3 OUDE WAALSDGRPER 6EG 63, DEN FAAG
5302 4 N ET-.EPLANDS

9002 1 CCASTAL STUDIES INSTITUTE
8002 2 LOUISIANA STATE UNIVERSITY
8002 3 BATON RCUGE, LOUISIANA 70803

SC03 1 OR. CHOULE J. SONu
8033 2 TETRA TECH, INC.
8003 3 -63C NORTH ROSFMEAD BOULEVARD
8003 4 PASADENA, CALIFORNIA 91107

9001 1 DR. LESTER A. GERHARDT
9001 2 RENNSSELAFR POLYTECHNIC INSTITUTE
9001 3 TROY, NEW YORK 12131

9002 1 MR. FRED THO4SON
9002 2 ENVIRCNMENTAL RESEARCH INST ITUTE9002 3 P.C. BOX 618

.,07 4 AAN ARBOR, MICHIGAN 4 107

4
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CCT. 26, 1977 JO6 460-101* )
SYSTEMATIC GECGRAPHY LISTING

9004 1 OR. THOMAS K. PEUCKER
9004 2 SIT.CN FRASER UNIVERSITY

9004 3 DEPARTMENT OF GEOGRAPHY
9C%. 44 EUiRNABY 2, 8. C., CANADA

I 9005 1 OR. ROiBERT CC-LAN
QO05 2 DEPARTMENT OF ENVIRGNMENTAL SCIENCES

.. 9005 3 UNIVERSITY OF VIRGINIA
9005 4 CHARLOTTESVILLE, VIRGINI.A 22903
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