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Reliable data for tropical storm occurrences in the northern

portion of the eastern Tropical Pacific did not become available until

1966. Considering the years 1966-75, sizeable interannual variations

in storm frequency are evident. Six climatological factors are

investigated in an attempt to explain this interannual variation. These

are: (1) the Southeast Pacific atmospheric circulation; (2) sea-surface

temperature anomalies in the eastern Tropical Pacific; (3) the lati-

tudinal position of the Inter-tropical Convergence Zone in the eastern

Pacific; (4) the vertical zonal wind shear in the region; (5) the number

of tropical systems entering the region from the east; and (6) relation-

ships with other tropical storm regions of the world. It is not possible,

due to lack of data coverage to adequately examine item (4) at this

time. The five remaining factors, however, demonstrate that the

annual tropical storm frequency in the eastern Tropical Pacific is

apparently affected by cross -equatorial and cross-Pacific influences.
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The strength of the South Pacific Subtropical High appears to be

particularly important. In addition, items (1), (2) and (3) provide the

type of data that could be used in statistical models to predict the

number of tropical storms that will occur in a given year. (Data used

must be available before the onset of the storm season.) Two ordinary

multiple regression models involving factors (1), (2), and (3) are

proposed for this purpose. Both models are found to be statistically

significant (at the . 05 level), but due to the very limited amount of

data, are of questionable value at present. When a sufficient number

of years of data become available, it is expected that models of this

type can be used quite effectively for predicting annual tropical storm

frequency over this region.
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RECENT TROPICAL STORM CLIMATOLOGY THE EASTERN
TROPICAL PACIFIC OCEAN AND SOME APPLICATIONS

I. 1TRODUCTION

Studies of tropical storm' activity over the northern portion

of the eastern Tropical Pacific Ocean (hereafter abbreviated 'ENP,

for Eastern North Pacific) have been quite limited until recent years.

It is only since 1966 that satellite photograph analyses have provided

a continuous and reliable source of data on tropical storm occurrences

and tracks in this region. As a result of this short data record,

knowledge of the causes of tropical storm activity and interannual

variations in storm frequency in the ENP has been lacking.

This study began after the author read a paper by Dickson (1972)

in which the ENP tropical storm activity during August 1972 was

described. During this month, there was an unusually large number

(Six) of tropical storms in the region. Dickson noted that the sea-

surface temperature (SST) during the previous month had been

anomalously high in the eastern equatorial Pacific, an occurrence he

attributed to weakening of the South Pacific Subtropical High, and the

consequent reduction of upwelling of cold water along the coast of

South America and along the Equator. He thus attributed the increased

'Defined for this study as tropical cyclones of 'tropical storm"
or'hurricane' intensity, i.e. tropical cyclones with maximum sus-
tained winds in excess of 34 knots.
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tropical storm activity to an increased heat supply that occurred as

a response to warming of surface waters, which in turn occurred as a

result of large -scale atmospheric circulation changes.

It therefore seemed logical to hypothesize that during years

when there is a weak southeast trade system and resultant positive

equatorial SST anomalies, a relatively large number of tropical

storms should occur. The investigation of this hypothesis, as well as

other aspects of the climatology of tropical storms in the ENP, forms

the basis of this study.

The characteristics of, or prediction of individual storms will

not be dealt with here, as a considerable amount of work has been

done in these fields, and the authors interests lie more in the nature

of long-term and large-scale phenomena in relation to tropical storm

activity. The reader is referred to Perlroth (1967), Namias (1969),

Carlson (1971), Dvorak (1975), and others for examples of behavior

and prediction of individual storms as related to environmental

conditions. The intensity of tropical storms will likewise not be dealt

with here, since this study concerns only the frequency of storm

occurrence. Hansen (197 ) summarizes statistics on the intensity,

track, and dissipation of ENP storms.
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II. DISCUSSION OF THE FORMATION OF
TROPICAL STORMS IN GENERAL

Although the purpose of this study is not to deal with the struc-

ture and theory of individual tropical storms, it is nevertheless

relevant to briefly describe what are generally believed to be the

factors governing the initial formation of these systems, because

such factors may give indications of what to look for in the climatology.

Many theories have been advanced concerning the development

of tropical storms. Some have been discounted on the basis of obser-

vations, and some are still open to controversy. Virtually all

theories, however, stem from the assumption that there are two

necessary conditions for tropical storm formation: 1) an initial

disturbance of some sort, providing a means of low-level convergence;

and 2) an energy source.

The second condition, the energy source, is less controversial.

The principal energy for tropical systems comes from the release of

latent heat due to condensation of water vapor in ascending air. The

mechanism causing air to ascend is a problem that has given rise to

several theories. There must he surface or low-level convergence

to cause the air to rise.

Source of Disturbances

Tropical storms form by intensification of pre-existing



disturbances. The two major types are: 1) westward propagating

disturbances on the ITCZ; and 2) westward propagating waves in the

easterlies. Both of these rely on latent heat that is released by

cumulus convection. When some degree of areal concentration occurs

in these developments, a 'tropical depression" may result. A

tropical depression is an organized weather system, but in most

cases is cold-core in nature, and asymetric. It therefore must

undergo considerable modification to evolve into a tropical storm,

which has a warm core and a generally symmetric structure.

Baroclinic systems in some cases provide the initial distur-

bances that can intensify into tropical storms. These are usually

surface reflections of upper tropospheric troughs. This type of

development is uncommon, however (Frank, 1970), and thus does not

play a major role in the theory of tropical storm development.

Possible Types of Instability

Once an initial disturbance is present, there must be some

form of instability generated for intensification into a tropical storm.

There have been several suggestions as to the nature of the instability

which leads from tropical disturbances to tropical storms. Baroclinic

instability is one hypothesis (Bjerknes and Holmboe, 1944; Estoque,

1963). This type of instability arises when horizontal temperature

gradients give rise to vertical wind shears, as predicted by the
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thermal wind equation. Most of the energy supplied to middle-latitude

synoptic systems is provided by this mechanism. However, observa-

tions in the tropics have shown that the strong horizontal temperature

gradients necessary for this process do not exist in the lower latitudes

(Holton, 1972). Another objection is that if a baroclinic field did

initially exist, any intensification leading to latent heat release could

quickly destroy the original baroclinic field (Frank, 1970).

Barotropic instability results from a horizontal shear flow in

the easterlies, and has been used to successfully explain many

easterly wave phenomena (Yanai, 197 1), and ITC Z disturbance

propagation (Holton, 1 972). However, barotropic instability cannot

explain the intensification of tropical disturbances beyond their initial

phase, since tropical storms are often found to intensify in trade wind

regions where lateral shear is very small.

Since it is known that latent heat release in rising air is the

primary energy source for tropical storms, it would be logical to

look at conditional instability in a saturated atmosphere as a possible

means of disturbance amplification. In such a situation, a rising

saturated parcel is unstable with respect to the atmosphere (while a

rising dry parcel is not). Low-level convergence and intense rainfall,

as found in tropical storms, also results from strong cumulonimbus

convection, indicating that conditional instability most probably plays

a part in storm growth. However, it is found that conditional instability



favors the smallest possible scale of cumulus convection (Bjerknes,

1938), and thus cannot by itself account for the large-scale intensifi-

cation of a tropical disturbance into a storm.

Noting that none of the above theories of tropical storm develop-

ment were satisfactory, Charney and Eliassen (1964) devised a

mechanism by which conditional instability, and some form of pre-

storm depression (possibly barotropic in origin) can interact in a way

that leads to large-scale self-amplification of the depression into a

tropical storm. They called this mechanism 'conditional instability

of the second kind, " which in later literature came to be denoted by

the acronym "CISK." The CISK mechanism, although complicated in

dynamic theory, is simple in concept. The small-scale cumulus

convection cells and the pre-storm depression with its low-level

convergence, simply act to support one another. The cumulus con-

vection cells supply heat (through latent heat release) to drive the

large-scale depression, and in turn the large-scale depression

provides the low-level convergence of moist air necessary to the

cumulus convection cells. Charney and Eliassens CISK mechanism

has gained a large (though not total) acceptance as the source of

instability in tropical storm formation.

In summary, it appears that the two necessary conditions for

tropical storm formation, an initial disturbance with low-level

convergence, and an energy source, are most likely provided by a
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westward propagating disturbance, possibly barotropic in nature,

and latent heat release, respectively. The CISK mechanism is

probably responsible for the coupling of the initial disturbance and

the energy source, thus allowing amplification into a tropical storm

to occur.



III. BRIEF DISCUSSION OF THE EASTERN
TROPICAL PACIFIC

When studying the climatology of a phenomenon within a given

region, it is necessary to have some understanding of the region as

a whole, as well as the nature of the phenomenon. Therefore, a

brief discussion of the meteorology and surface oceanography of the

ENP is provided.

Meteorological Conditions

Meteorological conditions in the ENP are greatly influenced by

two large-scale circulation features: the ITCZ and the Walker

circulation. The convergence of the trade wind systems from both

Northern and SouthernHemispheres results in the ITCZ. Here the

converging winds cause ascending motion and low surface pressures.

Cumulonimbus convection and associated heavy rainfall are found in

this zone. In the ENP, the ITCZ is nearly always north of the Equator.

On the average, it is found furthest north (about 10 North latitude)

in August and September, and furthest south (about 3° North) in

February or March. The ITCZ latitude does, however, exhibit

considerable variation in daily and even lZ-hourly observations. Of

course the lack of data over the ENP prevents exact positioning of

the ITCZ.



The "Walker circulation" (Bjerknes, 1969) is a zonal-vertical

circulation. It occurs right along the Equator, and is primarily

driven by water temperature differences between the western and

eastern Pacific. Basically, air is warmed over the warm equatorial

waters of the western Pacific, rises and travels eastward, where it

descends over the ENP. This subsiding air, with its accompanying

atmospheric stabilization, is believed to be the primary cause of the

"equatorial dry zone" (Bjerknes, 1969) which is often apparent on

satellite photos. The Walker circulation and accompanying features

(such as the dry zone) are strongest when the equatorial zonal SST

gradient is the largest. This ordinarily occurs during the Northern

Hemisphere summer, when the strengthened Peru Current and in-

creased equatorial upwelling (see next section on oceanographic

conditions) lead to cold water in the equatorial ENP. (This refers to

ordinary seasonal changes and not the occasional large interanrival

changes.

Bjerknes (1969) and Krueger and Gray (1969) demonstrated that

the Walker circulation is most likely an integral part of the "Southern

Oscillation. " The Southern Oscillation is a quasiperiodic oscillation

of pressure anomalies, first demonstrated by Sir Gilbert Walker

(19Z3). These anomalies indicate an exchange of air between the

Eastern and Western Hemispheres on a time scale of two to five years.
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It is probable that the Walker circulation is one of the major mechan-

isms by which this exchange of air between hemispheres takes place.

Oceanographic Conditions

The surface oceanographic conditions in the ENP undergo

considerable seasonal variation in response to the shifting wind

patterns over the Pacific, particularly the wind systems associated

with the North and South Pacific subtropical high pressure cells.

The primary currents of the area consist of: the California

Current and North Equatorial Current in the North Pacific; the Peru

Current and South Equatorial Current in the South Pacific; and the

Equatorial Countercurrent which flows eastward between the North

and South Equatorial Currents. The seasonal variation can be

outlined by three typical patterns, according to Wyrtki (1966).

InAugust through December, the Equatorial Countercurrent is

fully developed, and the South Equatorial Current is strong, being

augmented by the Peru Current, which is also strong during this

period. The California Current is weakest at this time. The North

Equatorial Current, which receives some of its water from the

California Current, is augmented during this period by Equatorial

Countercurrent water that enters by way of coastal currents along

Costa Rica. In these months, the northern boundary of the Counter-

current roughly coincides with the ITCZ position. This circulation
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pattern tends to last the longest of the three. Figure 1 shows mean

currents for August.

A few months later, from February through April, the Counter-

current is absent in the easternmost part of the Pacific, the Peru and

South Equatorial Currents are weak, and the California Current is

strong, supplying much of the North Equatorial Current water.

Figure 2 shows mean currents for February.

The third circulation pattern, from May to July, is just a

transition from the second type back to the first. The Counter-

current is noted further to the east again, but the California Current

is still strong, and is still the major source of North Equatorial

Current water. During July and August, the California Current

becomes weaker, and the August-December pattern becomes estab-

lished.

The SST regime similarly undergoes considerable seasonal

variation. During northern winter and spring, the ENP is charac-

terized primarily by weak gradients of temperature, with most of the

region covered by water within a few degrees of 800 F (26.7° C).

The only area of strong gradients is in the north, where the closely

packed isotherms indicate the strength of the cold California Current.

The effect of the Peru Current is confined to a narrow region along

the coast of Peru (See Figure 4).
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In the northern summer and fall, the latitudinal SST gradients

are much more evident. The increased strength of the southeast

trade winds causes Ekman divergence and upwelling of cold water

along the Equator, which combine with cool Peru Current water to

form a pronounced tongue of cold water right along the Equator.

The isotherms show evidence of the weaker California Current to the

north. However, between the cold water belt along the Equator, and

the California Current water, there is a large area of warm water

and weak SST gradients. This water generally varies between 820 F

0 0 0(27.8 C) and 86 F (30 C), and covers most of the area where

tropical storms are found to originate and intensify (See Figure 3).

Also, this period of warmest water north of the Equator (roughly

80 N to 200 N) corresponds to the tropical storm season, May

through November.

The surface water masses of the ENP, according to Wyrtki

(1966), consist of: Tropical Surface Water (T>25° C, S<34°/oo),

which lies approximately between 40 N and 15° N, fluctuating a few

degrees latitude with the seasons; Sub-tropical Surface Water (T

range 15° C to 28° C, S > 36°/oo), found primarily in the South

Pacific, between about 12° South and 25° South; Equatorial Surface

Water, which separates the above two water masses, and varies

seasonally in its properties, depending on advection of cool Peru

Current Water and equatorial upwelling; and finally, California
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Current Water, which bounds the Tropical Surface Water at about

15° N. High-salinity water is formed in the Gulf of California, but

in such small quantities as to have little effect outside of the Gulf.

Another feature that bears mentioning is the pronounced

oceanic front that runs from the coast of Ecuador, north of the

Galapagos Islands, and then on westward a few degrees north of the

Equator. This front separates the high temperature, low salinity

tropical water to the north from the cooler, high salinity Peru

Current Water to the south. The front is most pronounced in May

to November, when 50 60 C temperature differences and 10/00

salinity differences are observed. It is strongest near the Ecuador

coast, and weakens through mixing as it stretches westward.

Finally, although the primary consideration here is the

surface oceanography, it should be noted that the vertical structure

of the ENP is characterized by a permanent shallow thermocline for

most of the area under consideration in this study.

It must be realized that the foregoing discussion was confined

to ordinary seasonal changes and did not include the more radical

interannual changes that sometimes occur.

The ENP Tropical Storm Season

The source region of ENP tropical storms is shown in Figure

5. Per unit area, it is the most prolific source area of tropical
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storms in the world. The mean number of storms per year (1966-

75) is 15.2 in the ENP, as compared with 27.7 storms per year in

the western North Pacific, and 8.4 per year in the North Atlantic-

Caribbean region. To illustrate the importance of satellite observa-

tions, it should be noted that data prior to 1966 indicated that less

than ten storms form in the ENP per year. Thus it is reasonable to

assume that many storms went unreported in earlier years. The

yearly frequencies of ENP storms, broken down by months, are

shown in Table 1. Significant interannual variations are evident in

the yearly storm frequencies, as exemplified by the large difference

between 1968 and 1969.

The tropical storm season runs, on the average, from May

through November, reaching a maximum frequency of occurrence

in August. For the data used in this study (1966-7 5), no evidence

of the trimodal distribution observed by Hansen (1972), was found.

Hansen's distribution was based on the fifty-year period 1921-71,

which contained many years of unreliable data.

The general features discussed above give some insight as to

what climatological factors might influence tropical storm formation.

The preceding discussions point out considerable variations in ITCZ

latitude, ocean currents, and SST patterns that correspond in time

to the tropical storm season. There are also seasonal (as well as

interannual) fluctuations in the meridional and zonal atmospheric
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circulation patterns which seem to correspond with the seasonality

of tropical storm formation. It is reasonable to ask whether there

is a connection, or perhaps even a cause and effect relationship,

between such phenomena.

Table 1. Monthly and annual ENP tropical storm frequencies.

May June July Aug Sept Oct Nov Annual

1966 1 4 6 2 13

1967 3 4 4 3 3 17

1968 1 4 8 3 3 19

1969 - 3 2 4 1 10

1970 1 3 6 4 1 2 1 18

1971 1 1 7 4 2 2 1 18

1972 1 1 6 2 1 1 12

1973 3 4 1 3 1 12

1974 1 3 3 6 2 2 1 17

1975 2 4 5 3 1 1 16

Mean .4 1.7 3.6 4.4 2.9 1.8 .4 15.2
Standard
Devia-
tion .5 1.3 2.1 2.0 1.4 .8 .5 3.2
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IV. THE CLIMATOLOGICAL FACTORS

Six climatological factors were examined in an effort to explain

the observed interannual variation in ENP tropical storm frequency.

These factors were: (1) the southeast Pacific atmospheric circulation;

(2) sea-surface temperature (SST) anomalies in the ENP; (3) variations

in the latitudinal position of the Inter-tropical Convergence Zone

(ITCZ); (4) the vertical zonal wind shear in the region; (5) the number

of tropical systems entering the ENP from the east; and (6) the

relationships between tropical storm frequencies in the ENP and other

tropical storm generation regions of the world.

The Southeast Pacific Atmospheric Circulation

The South Pacific Subtropical High is responsible for variations

in the strength of the southeast trade winds which exert a considerable

influence north of the Equator over the ENP. This is particularly

true during the Northern Hemisphere summer and early fall (Southern

Hemisphere winter and early spring) when the high is furthest north.

This is also the season of maximum tropical storm activity in the

ENP.

The parameter that will be used here to describe the South

Pacific atmospheric circulation is the "Easter-Darwin index" (Quinn,

1974), which is the difference in sea-level pressure between Easter
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Island (27° 10'S, 109° 26'W) and Darwin, Australia (12° 26'S, 130°

52'E). This parameter has been shown to be a good measure of the

Southern Oscillation, and has been suggested (Quinn, 1974; Quinn

and Zopf, 1976) as a predictive tool for the occurrence of El Nino

invasions along the coast of Peru, and for the occurrence of qua-

tonal Pacific anomalies of sea-surface temperature, wind, and rain-

fall. This index measures primarily the variation in strength of the

South Pacific High, but also reflects its north-south movement. Other

0 0South Pacific stations, such as Juan Fernandez (33 37'S, 78 52W),

Totegagie (23° 6'S, 134° 52'W), and Rapa (27° 37'S, 144° 20'W) show

similar variations of sea-level pressure corresponding to the Southern

Oscillation regime. Since the strength and position of the South

Pacific High govern the intensity of the southeast trade influence north

of the Equator in the ENP, the Easter-Darwin index is also a very

good indirect indicator of the strength of these winds. The relation-

ship between the strength of the southeast trade system and the

Southern Oscillation was discussed by Berlage (1966).

To see roughly whether there is any relationship between the

strength of the southeast trade system and the amount of tropical

storm activity over the ENP, the Easter-Darwin index is plotted in

Figure 6 ona time section as a twelve-month running mean for the

years 1966-75, and is shown in relation to the number of tropical

storms for each year. Indications are that a larger number of
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tropical storms occur over the ENP irL years when the index is high

the southeast trades are strong). The correlation coefficient between

the number of storms per year and the mean value of the index for

MayNovember tropicai storm season) is 0. 50. However, when the

number of storms per year is correlated with the mean value of the

index for the six months preceding the storm season, the correlation

coefficient is 0. 60. indicating a lag effect. Although the data record

is too short to clearly substantiate this finding, there does appear

to be a positive relationship between the number of ENP storms and

the trend of the Easter-Darwin index. It should be noted that this is

contrary to the initial hypothesis mentioned in Chapter L A physical

reason for this relationship will be discussed in conjunction with the

third climatological factor (1TCZ latitude).

SeaSurface Tempe rature (SST) anomalies

One would expect that an increased heat supply over a warm

ocean would favor the development of tropical storms, and indeed this

appears to be the case for individual storms. Tropical storms are

found to intensify when they move over warm water, and often tend

to follow tracks which lie along axes of positive SST anomaly (Tisdale

and Clapp, 1963). The question under investigation here, however,

is whether or not anomalously warm SST!s in the ENP over a given

year correspond to increased tropical storm activity for that year.



25

Figures 7 and 8 show the monthly mean SST patterns for May

1970 and July 1970, respectively. The first reported positions of

the tropical storms that occurred during each month are also shown.
0 0Figure 7 shows that in May 1970, when 86 F (30 C) water covered

a very large area of the ENP, only one tropical storm formed.

Figure 8 shows that two months later, when the entire region was

covered with water that was from 2° to 6° F (1.10 to 3.3° C) cooler

than in May, a total of six tropical storms formed. Clearly, some-

thing else besides the SST must be responsible for this variation in

storm activity.

To more precisely inspect the SST phenomenon, monthly mean

SST anomalies for several five-degree squares in the ENP were

examined in time-series for the years (1949-75). The main study,

however, concentrated on the years 1965-75 due to the limitations

on supporting satellite observed storm data. The locations for two

of these squares, 10(3) and 47(1) are illustrated in Figure 9. (Squares

are labeled according to Marsden Square designations. ) Square 10(3)

is located along the southeast edge of the source region and 47(1) is

in the center of this region. In order to bring out the interannual

changes, twelve-month running means of the SST anomalies for these

two squares are plotted in Figure 10, along with the twelve-month

running means for the Easter-Darwin index. The yearly storm

frequencies are also indicated, for the years 1966-75. Visual
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inspection shows that the ENP SST anomalies are inversely corre-

lated with the Easter-Darwin index values. The southern square,

10(3), exhibits this most dramatically. This inverse correlation is

not surprising; when the Easter-Darwin index is low, and the South

Pacific High is weak, upwelling along the Equator and along the coast

of South America would be expected to diminish, and water tempera-

tures would increase in this region, as Dickson (1972) pointed out.

This also agrees with the findings of Wyrtki (1973) with regard to

relationships between Equatorial Countercurrent flow and the forma-

tion of large positive thermal anomalies in the eastern Tropical

Pacific. Quinn (1974) pointed out that the southeast trade winds,

which are normally effective up to somewhere between 30 and 100

north of the Equator, have a considerable influence over the eastern

Tropical Pacific. Relaxations, associated with falls from high peaks

to deep troughs in running means of the Southern Oscillation indices,

represent a large-scale decrease in strength of the southeast trade

system. This results in increased Equatorial Countercurrent flow,

with flow reaching a maximum when indices are at a minimum.

(Likewise, the Countercurrent flow decreases with significant rises

in indices and reaches a minimum when high index peaks occur.)

The surprising result of this analysis is that the SST anomalies

and the yearly frequencies of tropical storm formation are negatively

correlated. This is visually evident upon inspection of Figure 10.
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It appears that more tropical storms tend to form in years with cold

SST!s in the ENP. This is directly contrary to the original hypothesis

stated in Chapter I, which was based exclusively on heat transfer

considerations. It is absurd to think, however, that other things

being equal an increase in SST would cause a decrease in tropical

storm activity. The SST anomaly is considered to be a consequence

of the large-scale, long -term atmospheric circulation changes

mentioned above. It is these meteorological changes that are in turn

responsible for variations in tropical storm activity over the ENP.

The nature of this atmospheric influence is discussed in the following

section on the ITCZ.

On the basis of the arguments above, it is apparent that in a

climatological sense, the SST has little if any direct effect on the

interannual variation of ENP tropical storm frequency, but does give

a good indication of atmospheric circulation changes originating in

the South Pacific. There is a threshold effect for SST such that

a certain minimum temperature is required for initial disturbances

to intensify into tropical storms. This minimum temperature is in

the vicinity of 27° C (Hansen, 1972; Fisher, 1956). Once this

minimum temperature is exceeded, there is no evidence ona yearly,

or even monthly (see Figures 7 and 8) basis, that higher SST's in-

crease the storm activity over this region. For the five degree

squares that were investigated within the tropical storm source region
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(Figure 5), monthly mean SSTs below 270 C were never observed

during the storm season (May-Nov) for the years 1949-7 5. SST

is therefore not considered to be a limiting factor of storm formation

during May through November.

It should be mentioned that the same relationship between the

Easter-Darwin index trend and SST's in Marsden squares 10(3) and

47(1) from 1949-75 (Figure 10) was also found in the other five degree

squares examined in the equatorial part of the ENP. The largest

changes in SST on an interannual basis over the southeastern part of

the North Pacific take place south of 10° N, whereas most of the

tropical storms develop between 10° N and 17° N.

The correlations between the Easter-Darwin index plot and

the SST plots for squares 10(3) and 47(1) are -0.67 and -0.49,

respectively, at zero lag. The maximum correlation between the

Easter-Darwin index plot and the SST plot for 10(3) is -0.70, and

occurs for a two month lag in the SST. The maximum lag correlation

between the index and square 47(1) is -0. 59, for a four to six month

lag in the SST. The reasons for these lags, and the mechanism of

SST anomaly propagation in the ENP is suggested as a topic for

future study.
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The Latitudinal Position of the ITCZ

As described in Chapter III, the ITCZ exhibits a seasonal

variation in latitude, being found furthest north (about 100 N latitude)

on the average in August and September, and furthest south (about

30 N) on the average in February and March. The months during

which it is found furthest north coincide with the tropical storm

season, so the question arises as to whether the latitude of the ITCZ

and its interannual variation are related to variations in tropical

storm activity. In addition, the northern boundary of the ITCZ

is recognized as a source of barotropic shear instability, which has

been used (Yanai, 1971) to explain many easterly wave phenomena.

Such easterly waves can develop into tropical depressions that may

subsequently intensify into tropical storms (see Chapter II). Thus

there are two reasons why the ITCZ should be looked at in regard

to the formation of tropical storms: (1) the seasonal coincidence

between the variation in latitude of the ITCZ and the tropical storm

season; and (2) the probable physical relationship between the insta-

bility near the ITCZ and the formation of initial disturbances that

may evolve into tropical storms.

In order to examine the latitudinal variation of the ITCZ

position, the ITCZ latitude at 100° W longitude was extracted from

twice-daily tropical analyses of the National Meteorological Center
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(National Weather Service, NOAA) and the median latitude for each

month was then graphically determined. Unfortunately, it was only

possible to obtain these charts for the years 1969-74. Although this

record is very short, there does appear to be a rather definite rela-

tionship between the ITCZ latitude and the changes in strength of the

southeast trade system. Figure 11 compares the Easter-Darwin

index and the ITC.Z latitude at 1000 W longitude. These plots are

correlated at r 0. 53 at zero lag. When the curves are adjusted

for a six month lag in the Easter-Darwin index, the plots are corre-

lated at r 0.83, At this time, no significance is attached to the lag

evidence, since the record is so short and the data available to the

analysts for determining the ITCZ location over this region are very

small in amount. Nevertheless, the interannual variations in strength

of the southeast trades and the location of the ITCZ appear roughly

to be related from the standpoint of a visual evaluation of plot trends.

The Easter-Darwin index, the SST anomaly, and the 1TCZ

latitude have been discussed separately, but in the authorts opinion

they are merely three different parameters describing the effects of

the same basic process, namely the variation in strength of the

southeast trade system. When the southeast trades are stronger,

they penetrate further north across the Equator. As they do so, they

tend to curve anticyclonically and become southwest winds, due to the

Northern Hemisphere Coriolis acceleration, This makes for a much



Z 14
.

U S

o E I2

. S
S

S S
S. Sz- .

zw H.. S S

SD0 0
.5.

.5

z' 8ow
C\J- 6

z 8

(-U

0
ZLiJ_

ZZ
6

0

1 o
5UL)

d.

S
S

S sSS
S

S

S S.
S S

SS.

S
S

S
S

5

Figure 11. Twelve month running mean plots of the Easter-Darwin iutex and the ITCZ latitude at
100° W longitude.



36

stronger horizontal wind shear in the region of the ITCZ, consequently

increasing the barotropic instability that can generate initial distur-

bances. The increased Coriolis effect and the presence of large

horizontal wind shear would strongly favor the generation of tropical

storms.

Figure 12 illustrates the conditions described above. Figure

12a shows the typical wind trajectories and i'rcz position for the

winter-spring months when no tropical storms form. The ITCZ is

found at low latitudes, and this situation is sometimes known as a

'trade wind equatorial trough (Gray, 1968) because the winds from

both hemispheres have an easterly component, and a net easterly

flow along the convergence line results. Figures 12b and 12c

illustrate what is known as a "doldrum equatorial trough' (Gray,

1968) because the converging winds oppose each other, and little

net flow occurs along the convergence line. These situations are

typical of the summer and fall months, when tropical storms occur.

Figure 12c shows what happens in years when the South Pacific High

is strong. The ITCZ is found further to the north (where Coriolis

effects are stronger), and the strong southeast trades become strong

southwest winds north of the Equator, creating a region of strong

horizontal wind shear in the area of the convergence.
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Vertical Zonal Wind Shear

The previous factors which describe the atmospheric circula-

tions changes primarily consider environmental conditions affecting

the formation of initial disturbances. Subsequent development of

initial disturbances into tropical storms may depend on additional

climatological factors.

The vertical structure of the wind in the generation region may

be of importance, favoring or inhibiting the development of storms.

According to Gray (1968),

Large vertical wind shears do not allow for area
concentration of the tropospheric distributed cumulonim-
bus condensation. Large shears produce a large venti-
lation of heat away from the developing disturbance.
The condensation heat released by the cumulus to the
upper troposphere is advected in a different direction
relative to the released heat at lower levels. Concen-
tration of heat through the entire troposphere becomes
more difficult.

Area concentration of cumulonimbus condensation is necessary for

the CISK mechanism (see Chapter II) to be effective. Inhibition of

such concentration thus suppresses the intensification of disturbances.

Conversely, tropical storm intensification should be favored by a

small vertical wind shear. Gray (1968) has shown that the ENP

storm source region lies within an area where the vertical zonal wind

shear2 between the 200 mb and 850 mb levels during August is on the

2Vertical zonal wind shear is used rather than vertical total
wind shear as a convenience in accordance with Gray (1968).
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average ± 10 knots or less, and thus tends to be a favorable region for

disturbance intensification.

The object of the present study in regard to this factor was

to try and determine if time variations of vertical zonal wind shear

within or between storm seasons were related to the variations of

storm frequencies. Unfortunately, it was not possible to make a

detailed study of this factor at the present time, since there was no

nearby rawinsonde station with a record of suitable length. The

Socorro Island station at 18° 141N, 111° 03'W, which lies in the

northwestern portion of the ENP storm source region (Figure 5)

began operating at the end of 1973, and will eventually provide useful

data for this purpose. Table Z lists the monthly values of zonal

wind shear at Soccoro Island that are currently available.

Table 2. Monthly values of u(200 mb) - u(850 mb) for Socorro Island (m. p. s.).

1973

Jan Feb Mar Apr May June July Aug Sept Oct Nov Dec

10. 92

1974 7.31 10.82 11.12 14.60 10.13 2.08 -1.12 -2.00 -7.68 5.08 6.64 10.54

1975 8.98 12.68 11.45 9.81 11.09 1.87 -6.73 -0.92 -2.46 0.80 5.46 14.70

No conclusions may yet be drawn from these data, but it is worth

noting that the minimum (absolute) values of the wind shear for 1974

and 1975 occur during tropical storm season months (June-November).
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When several years of data have been recorded at this station, the

climatological relationship between tropical storm frequency and

vertical zonal wind shear should be further investigated.

Number of Tropical Systems Entering from the East

Some tropical systems that originate in the North Atlantic and

Caribbean regions continue westward and cross Central America

into the ENP. From recent indications (Frank, 1976) it appears that

these tropical seedlings entering from the east are essential to

tropical storm developments over the ENP. These disturbances

can weaken and dissipate, or re-intensify into tropical storms,

depending upon the local conditions in the ENP at the time.

Table 3 summarizes available data pertaining to tropical

systems (waves, depressions, ITCZ disturbances, and actual tropical

storms) crossing into the ENP since 1969. Indications are that the

number of seedlings is not a limiting factor for ENP tropical storm

developments, since records for years where such data were avail-

able (1969-75) indicate that there would ordinarily be an ample

number of seedlings (at least 40) entering the ENP source region to

support a large amount of activity, if ambient developmental condi-

tions were favorable. There is no direct relationship shown between

the annual ENP tropical storm frequency and the total number of

crossing seedlings or any of the subtotals (waves, depressions, etc.)



Table 3. Tropical systems moving from the Atlantic-Caribbean region into the ENP.

Year Total Waves Depressions Storms ITCZ ENP Tropical Ratio of ENP
Disturbances Storms Tropical Storms

to Seedlings

1966 NO TABULATION 13

1967 NO TABULATION 17

1968 NO TABULATION 19

1969 43 26 5 1 11 10 .23

1970 45 37 1 2 5 18 .40

1971 58 37 2 2 17 18 .31

1972 49 35 0 0 14 12 .24

1973 54 44 2 0 8 12 .22

1974 52 41 0 2 9 17 .32

1975 64 43 2 1 18 i6 .25
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shown in Table 3. However, from the last column in Table 3, it is

apparent (referring to Figure 6 also) that years with strong southeast

trades (high E-D index) show a higher percentage of seedlings develop-

ing into tropical storms (31 -40%), while years with weak southeast

trades (low E-D index) show a lower percentage of available seedlings

developing into tropical storms (22-25%). The results of this limited

sample tend to agree with relationships indicated by the first three

factors considered in this chapter: tropical storm developments are

most common in years when the South Pacific High, and consequently

the southeast trade winds, are strong, and the ITCZ is found further

north than usual on an interannual basis.

Relationships With Other Tropical Storm Regions

It has been suggested (Hansen, 1972) that there may be tele-

connections between the primary Northern Hemisphere tropical storm

generation regions (i.e. the ENP, the North Atlantic-Caribbean region,

and the western North Pacific). Such teleconnections could be re-

flected in quasi-simultaneous variations in storm frequencies among

the regions.

Daily weather analyses sometimes exhibit what appear to be

families of tropical disturbances which span more than one of the

primary tropical storm regions, and which may be manifestations of

some type of inter-regional teleconnection. Figure 13 (tropical
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analysis for 0000Z, Sept. 20, 1975) illustrates one case in which such

a family is apparent. Over the North Atlantic-Caribbean source region

and the ENP source region between 40° W longitude and 120° W

longitude, there are at least four low pressure systems evident. These

include three tropical storms, one of which is of hurricane intensity

(' Lily

Teleconnections between regions might be attributed to the long-

waves in the westerlies. According to Hansen (1972), wave numbers

three or four (90 to 120 degrees longitude in extent) would place some

part of the western North Pacific tropical storm generation region in

phase with the ENP generation region, whereas wave numbers six or

greater (60 degrees longitude or less) would put the ENP and some

part of the North Atlantic-Caribbean generation region in phase. In

addition to these possible teleconnections, the annual tropical storm

frequency for the Australian region (the only primary Southern

Hemisphere generation region) was inspected, since several of the

other climatological factors indicate an important relationship be-

tween the Southern Hemisphere atmospheric circulation and the ENP

storm frequency. The Australian tropical storm generation regions

are near the Indonesian low pressure center and the western end of

the Pacific Walker circulation cell (see Chapter III), and as such

might possibly show variations in storm frequency associated with

the Southern Oscillation.
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Table 4 and Figure 14 illustrate the tropical storm frequencies

by years for the four regions in question. The North Atlantic-

Caribbean and Australian regions show insignificant negative correla-

tions in storm frequency with the ENP (r -0. 17 and r -. 04,

respectively), indicating no apparent interrelationships between these

regions. The western North Pacific, however, shows a significant

correlation with the ENP (r = . 54). This would tend to indicate that

planetary wave numbers three and four, which are common in the

mid-latitude westerlies (Rossby etal., 1939), do produce conditions

in which the storm generating areas of the ENP and the western North

Pacific are influenced similarly. Ballenzweig (1959) has shown for

a given region (North Atlantic) that troughs which break off from the

planetary wave pattern can lead to the formation of tropical storms.

The question that will require further study, however, is whether or

not these break-off troughs can occur in adjacent storm regions at

approximately the same time.

Whatever the actual mechanism may be, the data do indicate (at

the 80% confidence level) that tropical storm frequencies in the

western North Pacific and the ENP are positively related. Thus there

are indications that the ENP tropical storm formation process is

affected by circulation patterns of both the Southern (see the first

three sections of this chapter) and Northern Hemispheres. Additional
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study, particularly of Northern Hemispheric influences from the west

and north will be required.

Table 4. Annual frequencies for various tropical storm generation
regions of the world.

Seas on* ENP N. Atlantic N. W. Pacific Australian region

1966 13 11 30 14

1967 17 8 35 11

1968 19 7 27 12

1969 10 13 19 12

1970 18 7 24 21

1971 18 12 35 18

1972 12 4 30 i6

1973 12 7 21 22

1974 17 7 32 13

1975 16 8

For the Australian region, the season is Oct-May, so that 1966
means the 1966-1967 season, etc.
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V. STATISTICAL PREDICTION MODELS

This climatological study indicates that long-term trends and

interannual variability may be used to monitor what is presently

happening, or possibly to predict what will happen in the future.

Since there is a large interannual variation in tropical storm frequency

in the ENP, it should be of value to predict the number of storms

expected in a given year, using data that would be available before the

onset of the storm season.

Of the six climatological factors considered in Chapter IV, it

appears that only the first three discussed could be put to use in a

prediction scheme. Item 4, vertical zonal wind shear, could not

be properly evaluated at this time due to the limited amount of suitable

data available (Socorro Island). Considering item 5, number of

tropical systems entering the ENP from the east, although it may

have some influence over the number of tropical storms developing

over the ENP, it is not the type of input that can be provided before-

hand for use in predictions. Considering item 6, relationships with

other tropical storm regions,' although there is a positive correlation

between activity in the ENP and the western North Pacific, which may

be particularly effective during periods when long-wave numbers

three and four predominate, here again it is not possible to provide

this type of input in advance for prediction purposes. The first three
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factors (1. Southeast Pacific atmospheric circulation, 2. SST

anomalies, and 3. ITCZ latitude), on the other hand, provide con-

tinuous monthly records that can supply input with a potential for use

in long-range prediction.

Two statistical models which attempt this type of prediction

were devised. Both models are ordinary multiple regression models

using the climatological factors previously described as predictor

variables. The variables considered for these models were mean

values of the three factors: Easter-Darwin index; SST anomaly; and

ITCZ latitude. Means for these parameters for twelve months, six

months, and three months preceding the storm seasons were examined,

and the mean for the time period that exhibited the highest (absolute

value) correlation with tropical storm frequency was then chosen for

each factor. Table 5 summarizes the variables relevant to the models

and their correlation coefficients with the dependent variable, yearly

storm frequency. Two models were considered because the ITCZ

data were available only for the years 1970-74, and thus could not be

included in a model containing data for 1966-69. The first model

includes only the two variables Easter-Darwin index and SST anomaly,

for the years 1966-75. The second model adds the third variable,

ITCZ latitude, to the regression, but decreases the time span to

1970-74. It is recognized at the outset that statistical models based

on so few observations could be of only limited value.



50

Table 5. Correlation coefficients relevant to the models.

dependent predictor variables years correlation
variable coefficient

Mean E-D index for the 6
months preceding the ENP 1966-1974 .60
tropical storm season

yearly number Mean SST anomaly for MS
of ENP 47(1) for the 3 months 1966-1974 -.84
tropical storms preceding the ENP tropical

storm season

Mean ITCZ latitude at
1000 W longitude for the 1970-197 4 . 49
6 months preceding the
ENP tropical storm season

Model I

The following equation is the result of an ordinary multiple

regression analysis using the first two variables:

N 7.05 4.19X1 +

where:

N = number of ENP tropical storms for the year

X1 = mean SST anomaly for three months preceding the storm
season (in degrees C)

X2 mean E-D index for six months preceding the storm
season (in mb)

Marsden square 47(1) was chosen over square 10(3) for the SST

parameter because it lies roughly in the center of the ENP storm

area. At this time, it is unclear which square, MS 47(1), MS1O(3),
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or some other, will ultimately provide the best predictor variable

for use in such a model.

Table 6 shows the analysis of variance table for this model

and Table 7 lists the values that the model predicts for the years

1966-75. The analysis shows that this model explains 58% of the

variance in aimual storm frequency. Further, the regression is

significant at the . 05 significance level.

Although this model exhibits considerable statistical significance,

Table 7 indicates that sizable errors (up to 3. 4 storms per year)

occur for some years. The error for several years, however, is

quite small. Model I is therefore considered a crude model that is

statistically significant for providing a rough prediction of the number

of tropical storms that will occur in a given season.

Model II

The resulting regression equation when the third variable, ITCZ

latitude, is included, is as follows:

N -5. 48 - 6. 34X1 + 62x2 + 2. 93X3

where:

N, X, X2 are defined as in Model I

X3 mean ITCZ latitude at 1000 W longitude for six months

preceding the storm season (in degrees latitude).
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Table 6. Analysis of variance table Model I.

Source Degrees of Sum of Squares Mean Square F-value
Freedom

Total 9 89.60 9.96

Regression 2 52.37 26. 19 4 9

Residual 7 37,23 5.32
(Error)

R2 . 58

*Significant at the . 05 level

Table 7. Prediction results Model I.

Season Actual Value Predicted Value 95% Conf. Limits

1966 13 12.76 6.57, 18.96

1967 17 15.30 9.57, 21.02

1968 19 18.72 11.81, 25.63

1969 10 12.93 6.96, 18.90

1970 18 16.13 10.13, 22.13

1971 18 18.68 12.17, 25.19

1972 12 15.08 9.35, 20.81

1973 12 12.78 6.77, 18.78

1974 17 17.02 10. 26, 23.79

1975 16 iz.6o 6.37, 18.84
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Table 8 shows ±e analysis of variance table for this model.

The regression is again significant at the . 05 level, but in this case

99. 9% of the variation in yearly storm frequency is explained. Table

9 compares the actual number of storms for each year with that

predicted by the model. The data record is far too short to establish

and evaluate this model. Nevertheless, the approach should be of

value.

Table 8. Analysis of variance table Model II.

Source Degrees of Sum of Squares Mean Square F-value
Freedom

Total 4 39.20 9.80

Regression 3 39.17 13.06 435 33
Residual 1 .03 .03
(Error)

2
R .999

* Significant at the . 05 level

Table 9. Prediction results Model II.

Season Actual Value Predicted Value 95% Conf. Limits

1970 18 17.95 14.88, 21.03

1971 18 18.11 15.29, 20.93

1972 12 11.94 8.90, 14.97

1973 12 12.08 9.12, 15.04

1974 17 16.92 13.96, 19.88
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Outlook for Future Predictions

The primary purpose in designing the preceding models was to

demonstrate a method, rather than to obtain immediately useable

results. The point to emphasize is that these proposed models are

such that they can most likely be improved through the incorporation

of additional data. It is therefore suggested that the models be

updated and tested for several years to come, until the data record

is adequate to accept or reject their validity on more certain terms.
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VI. MAJOR FINDINGS AND CONCLUSIONS

The major findings of this study may be summarized by the

following points:

(1) Contrary to initial expectations, the sea-surface tempera-

ture in the ENP does not exert a direct effect on tropical storm

frequency in the region. Storms do not occur more frequently when

the water is warmer, as one might expect from heat transfer con-

siderations. In fact, just the opposite tends to occur, with the greater

number of storms occurring in years when the water temperature is

colder than normal near the Equator.

(2) Variations in the Southern Hemisphere atmospheric circu-

lation appear to exert an important influence on the yearly tropical

storm frequency in the ENP. The interannual variation in strength

of the southeast trade winds (as reflected by the Easter-Darwin

index, the ENP SST anomaly, and the latitude of the ITCZ) is

primarily responsible for this cross-equatorial relationship.

(3) The region to the east of the ENP (North Atlantic-

Caribbean region) appears to be an important source of seedlings that

may develop into tropical storms in the ENP. The number of these

systems is not a limiting factor in ENP storm frequency however,

since an ample number occur each year. The ratio of the actual

number of tropical storms occurring in the ENP to the number of
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entering seedlings shows that a higher percentage of seedlings

develop into tropical storms during years when the South Pacific

High is strong. This is further evidence for the cross-equatorial

influence outlined in point (Z).

(4) There is a positive correlation between the amounts of

tropical storm activity in the ENP and the western North Pacific

region. A possile teeconnection between these regions may be due

to long-waves in the westerlies influencing them quasi-simultaneously.

Long-wave numbers three or four would place the two regions in

phase. This hypothesized relationship is suggested as a topic for

future observational and theoretical study.

(5) The data for vertical zonal wind shear in the ENP region

(Socorro Island) are not yet sufficient to determine any interannual

tendencies. It is evident from these data, however, that the minimum

monthly values of vertical wind shear tend to occur in this region in

June-November, the greater part of the tropical storm season. This

agrees with the climatological charts of Gray (1968).

(6) It was possible to propose two multiple regression models

for predicting yearly ENP tropical storm frequency. Such models

would allow prediction of the number of storms to he expected in a

given year, using data available before the onset of the storm season.

Although the models were shown to be statistically significant, the

limited data record restricts their present usefulness. In the authorT
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opinion, the approach to the mode1 is reasonable, and incorporation

of additional data should increase their effectiveness.

As a concluding note, it should he stressed that this study is

a preliminary one9 and should be undertaken again when several

more years of data are available, It is hoped that at that time, the

conclusions outlined here can he further refined.
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DATA SOURCES

(1) Sea-Surface Temperature Data

A. 1965-1972

Pacific Environmental Group,

National Marine Fisheries Service, NOAA

Monterey, California

B. 1972-1975

'Fishing Information' National Marine Fisheries Service,

NOAA, La Jolla, California

C. Long term mean monthly charts from "Monthly Charts of

Mean, Minimum, and Maximum Sea-Surface Temperature

of the North Pacific Ocean, ' Naval Oceanographic Office,

1969.

(2) Tropical Storm Data

A. ENP, Western Pacific, Atlantic regions:

Mariner's Weather Log (1966-197 5). Pub, by Environmental

Data Service, NOAA

B. Australian Region

1. 1965-1972

"Tropical Cyclones in the Australian Regions, T? pub.

by Australian Bureau of Meteorology

2. 1972-1973 season
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National Weather Service weather charts

3. 1973-1975

Mariner's Weather Log

(3) ITCZ Data

A. 1969-1974

National Weather Service tropical analyses provided on

microfilm by Environmental Data Service, National Climatic

Center, NOAA

B. 1971-1972

National Weather Service charts courtesy of Forrest R.

Miller, Southwest Fisheries Center, La Jolla, California.

(Not used in final analyses)

(4) Wind Data

A. "Monthly Climatic Data for the World, " pub. by Environ-

mental Data Service, NOAA, sponsored by World

Meteorological Organization

(5) Disturbances Crossing into the ENP

A. "Atlantic Tropical Systems of (year)," by N. L. Frank,

published annually in Monthly Weather Review

(6) Easter-Darwin Index (and other South Pacific indices) Data

A. Courtesy of Dr. William H. Quinn




