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ABSTRACT"

Physical mechanisms responsible for the contemporaneous association, shown in earlier studies, of North
Atlantic basin major hurricane (MH) activity with western Sahelian monsoon rainfall and an equatorial eastern
Pacific sea surface temperature index of El Nifio are examined, using correlations with 200- and 700-mb level
wind data for the period 1968—-92. The use of partial correlations isolates some of the relationships associated
with the various parameters.

The results support previous suggestions that the upper- and lower-level winds over the region in the basin
between ~10° and 20°N where most MHs begin developing are critical determinants of the MH activity in each
hurricane season. In particular, interannual fluctuations in the winds that produce changes in the magnitude of
vertical shear are one of the most important factors, with reduced shear being associated with increased activity
and stronger shear with decreased activity. The results show that most of these critical wind fluctuations are
explained by their relationship to the SST and rainfall fluctuations. Results confirm previous findings that positive
(warm) eastern Pacific SST and negative (drought) Sahelian rainfall anomalies are associated with suppressed
Atlantic basin tropical cyclone activity through an equatorially confined near-zonal circulation with upper-level
westerlies and lower-level easterlies that act to increase the climatological westerly vertical shear in the main
development region. SST and rainfall anomalies of the opposite sense are related to MH activity through a zonal
circulation with upper-level easterly and lower-level westerly wind anomalies that act to cancel out some of the
climatological westerly vertical shear. The results also show that changes in vertical shear to the north of the
main development region are unrelated to, or possibly even out of phase with, changes in the development
region, providing a possible physical explanation for the observations from recent studies of the out-of-phase
relationship of interannual fluctuations in MH activity in the region poleward of ~25°N with fluctuations in
activity to the south.

The interannual variability of MH activity explained by Sahel rainfail is almost three times that explained by
the eastern Pacific SSTs. It is demonstrated that a likely reason for this result is that the SST-associated vertical
shears are more equatorially confined, so that the changes in shear in the main development region have a
stronger association with the rainfall than with the SSTs.

1. Introduction

Most of the tropical cyclones in the North Atlantic
basin (including the North Atlantic Ocean, the Carib-
bean Sea, and the Gulf of Mexico) form from easterly
wave disturbances (e.g., Pasch and Avila 1994). The
easterly waves have their origins over Africa, where
their maximum amplitude is between 10° and 15°N
(Reed et al. 1977). Most Atlantic tropical cyclones not
spawned by these wave disturbances tend to form pole-
ward of 25°N. The stages of a tropical cyclone include
tropical depression [ maximum sustained ( 1-min mean)
surface wind <18 ms™'], tropical storm (18-32
m s~'), and hurricane (=33 m s~'). Hurricanes that
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have attained a maximum sustained surface wind speed
of =50 m s~' are referred to as major (or intense) hur-
ricanes (MHs). The definition of MH (Hebert and Tay-
lor 1979) corresponds to categories 3, 4, or 5 on the
Saffir—Simpson scale (Simpson 1974).

Although the number of easterly waves in the trop-
ical Atlantic tends to be fairly steady from year to year,
the fraction of these that develop into tropical cyclones
exhibits substantial interannual variability (Frank
1975; Pasch and Avila 1994). Not only the number but
also the strength and location of the Atlantic basin trop-
ical cyclones vary greatly from year to year (Neumann
et al. 1993). The search for conditions that result in the
development or nondevelopment of waves into tropical
cyclones has been the subject of numerous studies,
some of which have attempted to relate the variability
to fluctuations in the tropical and global climate. Sha-
piro (1982a,b) was the first to establish statistically sig-
nificant relationships between interannual variability of
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F1G. 1. Major hurricane index as defined by the number of August—
October major hurricanes. Center horizontal reference line corre-
sponds to sample (1968—92) mean.

Atlantic tropical cyclone activity and large-scale pat-
terns of seasonally averaged sea level pressure (SLP),
sea surface temperatures, and 500-mb heights for the
Atlantic basin. Lower SLP and warmer SSTs in the
Atlantic were found to be associated with more active
seasons. In other studies, occurrences of strong El Nifio
events, the large-scale intrusions of anomalously warm
water into the equatorial eastern Pacific, have been
-shown to be associated with suppressed Atlantic trop-
ical cyclone activity (Gray 1984a,b; Shapiro 1987).
Gray (1984a,b) also found a substantial predictive sig-
nal for the Atlantic hurricane season in the stratospheric
quasi-biennial oscillation. More recently, Gray (1990)
and Landsea and Gray (1992) have established a very
significant relationship between above (below) normal
rainfall in western Africa and above (below) normal
Atlantic basin tropical cyclone activity. This relation-
ship is particularly strong for MH activity.

It is well accepted that strong local vertical shear
between the upper- and lower-tropospheric winds in-
hibits the formation and intensification of tropical cy-
clones (e.g., Gray 1968; Pasch and Avila 1992), prob-
ably as it relates to prevention of organization of deep
convection. Modeling studies of tropical cyclogenesis
confirm this effect (Kurihara and Tuleya 1981). As
suggested by Gray et al. (1993), the Atlantic basin in
the mean is not particularly favorable for tropical cy-
clone development. It appears that it is only during
those years where conditions are such that the clima-
tological shear is reduced that a substantial fraction of
the systems can be expected to develop. Based on var-
ious studies such as Gray (1984a) and Shapiro (1987),
it can be inferred that year-to-year changes in the large-
scale environment have a substantial influence on the
overall activity of each Atlantic hurricane season (see
also Pasch and Avila 1994).

Gray (1984a) suggested that the relationship be-
tween El Nifio and Atlantic basin tropical cyclone ac-
tivity is due to changes in upper-level winds over the
southern portion of the basin. He hypothesized that dur-
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ing an El Niflo event, increased upper-level westerlies
would help create unfavorable conditions for devel-
opment by increasing vertical shear and by producing
positive upper-level vorticity anomalies. Shapiro
(1987) was able to confirm the increase in vertical
shear resulting from a near-equatorial Walker-cell-type
circulation but found unfavorable vorticity anomalies
confined primarily to lower levels. Landsea and Gray
(1992) showed that the 200-mb winds over the Carib-
bean basin are negatively correlated with west African
rainfall. In particular, above-normal rainfall was asso-
ciated with easterly wind anomalies at 200 mb, which
réduced the vertical shear in that region. In addition,
they suggested that part of the relationship between Af-
rican rainfall and MH activity is due to variations in
both the amplitude and amount of deep convection of
the easterly waves—that is, that the waves are
“‘stronger’’ during wet years, so that more of them de-
velop. In spite of the strong association between West
African rainfall and overall MH activity, however,
Gray and Landsea (1992) and Landsea et al. (1992)
have indicated that major hurricanes affecting the Gulf
Coast show little relationship to fluctuations in West
African rainfall, probably due to the relatively higher
number of systems of noneasterly wave origin impact-
ing the Gulf Coast. More recently, Gray (1994) also
provided evidence for an out-of-phase relationship be-
tween Atlantic hurricanes forming to the north and
south of 25°N.

The vast majority of the deadliest and costliest hur-
ricanes of this century to affect the United States were
MHs (Hebert et al. 1993). Although MHs account for
only 20% of the landfalling U.S. tropical storms and
hurricanes, they account for over 70% of the damage
(Landsea 1993).! There are several other reasons for
the choice of MH activity as the measure of Atlantic
basin activity. Landsea (1991) demonstrated that MH
frequency exhibits a much stronger interdecadal vari-
ability than all hurricanes or hurricanes and tropical
storms combined. The interannual variability for MHs
for the period 1944—91 is more than twice than that for
hurricanes and storms together (Landsea 1993). In ad-
dition, of the various measures of Atlantic basin trop-
ical cyclone activity, MHs show one of the strongest
correlations with African rainfall (Landsea and Gray
1992). The physical mechanisms responsible for this
relationship have not, however, been completely estab-
lished.

The purpose of the present study is to further eluci-
date these various associations by using linear cor-
relations to examine contemporaneous relationships
between interannual tropical cyclone variability and

! Note that Hurricane Andrew (1992) statistics were not in the
Landsea (1993) study. The $20-25 billion worth of damage from
Andrew (Mayfield et al. 1994) would increase the MH damage con-
tribution to more than 75%. '
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selected measures of the large-scale circulation. Spe-
cifically, the relationships between MHs and indices of
El Nifio, West African rainfall, and upper- and lower-
level tropospheric winds, including vertical shear, are
examined. Partial correlations are used to isolate some
of the physical mechanisms responsible for variations
in MH activity.

In section 2, the data used in the current study are
described and linear correlations between indices for
MH activity, El Nifio, and West African rainfall are
presented. Linear correlations between the indices
and the winds are presented in section 3. Statistical
significance of the correlations is evaluated. The
method of partial correlations is used in section 4 to
isolate some of the physical mechanisms responsible
for the various relationships. The results are dis-
cussed in section 5.

2. Data description
a. MH index

The source for the tropical cyclone parameters used
in this study is the Tropical Prediction Center (TPC,
formerly the National Hurricane Center)/National
Oceanic and Atmospheric Administration (NOAA)
best track file for the Atlantic basin (Jarvinen et al.
1984). Although these data are available since 1886,
only the data for the years since 1944, when routine
aircraft reconnaissance of Atlantic tropical cyclones be-
gan, are considered very reliable. The greatest reliabil-
ity starts around the mid-1960s, when satellite detection
of Atlantic tropical cyclones began operationally (Neu-
mann et al. 1993). The length of record in the present
study is limited by the availability of the large-scale
wind data, described in section 2b, which only extend
back to 1968. Therefore, the analyses in this study uti-
lize only the years with the most reliable tropical cy-
clone data.

Landsea (1993) documented that hurricanes in the
1940s to the 1960s were assigned slightly higher maxi-
mum sustained surface wind speeds for a particular min-
imum central surface pressure than hurricanes from 1970
to 1991 with the same central pressure. This bias is as
high as 5 m s™! for category 4 and 5 hurricanes. At the
threshold value for MHs of 50 m s ™', the bias appears to
be ~2.5 m s™!. Therefore, consistent with the bias ad-
justment from Landsea (1993) and the use of this ad-
justment in Gray et al. (1994), 52 m s™' is used for the
present study as the threshold for MHs before 1970.

Although the North Atlantic hurricane season lasts
officially from June through November, for the pe-
riod from 1886 to 1991 more than 95% of all MHs
occurred during August, September, and October
(ASO) (Landsea 1993); for 1968—-92 all but one MH
occurred during these months. The MH index (MHI)
for the present study, the number of MHs during
ASO for each year, is shown in Fig. 1 for the period
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1968-92. The bias adjustment has reduced the num-
ber of MHs in 1969 by 2. The 25 years comprise a
relatively inactive period, with the MHI ranging from
0 to 3 with a mean of 1.6. By contrast, during the
preceding 25 years, 1943-67, the MHI was more
than 3 for 6 of the years and the mean was 2.6. Dur-
ing most of the years during the period 1968-92, a
drought persisted in the Sahel. The relationship be-
tween this drought and the lower-than-normal num-
ber of MHs has been discussed in detail by Gray
(1990) and Landsea and Gray (1992).

As noted by Landsea (1993 ), more than 80% of the
depressions that develop into MHs come from easterly
waves that originate over Africa. Figure 2 identifies the
precursor systems” and development locations of all
MHs during ASO for 1968-92. Note that 34 of the 39
MHs for that period formed from easterly waves. Fig-
ure 2 also shows the complete tracks (depression stage
and stronger) for all of the MHs for this period. Note
as well that 29 of the MHs in this period develop from
depressions that formed between 9° and 20°N. In the
present study, the band where most of the systems be-
gin to develop, from ~10° to 20°N between the west
coast of Africa and Central America, will be referred
to as the ‘‘main development region.”’ There were sev-
eral easterly waves that reached depression stage north
of this region (see Fig. 2), but all of the depressions
that developed in the main development region formed
exclusively from easterly waves.

b. Wind analyses

Monthly mean wind data derived from the Na-
tional Centers for Environmental Prediction’s
(NCEP, formerly the National Meteorological Cen-
ter) final tropical strip wind (1968-74)7 and global
analyses (1974-92) were obtained from the Na-
tional Center for Atmospheric Research. The trop-
ical and global monthly analyses, with resolutions
of 5° latitude by 5° longitude and 2.5° latitude by
2.5° longitude, respectively, were interpolated using
a bicubic spline algorithm to a 1° latitude by 1° lon-
gitude grid. Upper-level winds are represented by
the 200-mb analyses. In order to evaluate the low-
level flow for as long a record as possible, 700-mb
winds are used. While winds for the 850-mb level
are only available back to 1975, the 700-mb winds
are available back to 1968. Several correlations

2 The origins of the MHs for each year were obtained from the
yearly Atlantic hurricane season (e.g., Pasch and Avila 1992) and
Atlantic tropical systems (e.g., Pasch and Avila 1994) summaries
appearing in Monthly Weather Review. These were supplemented by
information from the appendix of Hess (1994).

* Missing wind data for October and November 1972 were filled
in by linearly interpolating the anomalies from September and De-
cember 1972 and adding them to the climatology for the missing
months.
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FiG. 2. Complete tracks (for tropical depression stage and stronger) of all North Atlantic basin
tropical cyclones that reached major hurricane strength -during ASO for 1968-92. Open circles
and filled diamonds mark the locations where the systems of easterly wave and noneasterly wave
origin, respectively, initially reached depression strength. The Nifio 1 + 2 region and the region
in the western Sahel that contains the rainfall stations used by Landsea and Gray (1992) to derive
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the Sahelian rainfall index are also indicated.

from this study using 700-mb level winds have also
been recalculated for 1975-92 and compared to
correlations using 850-mb level winds for the same
period. The results are virtually identical, with the
correlations using the 850-mb level winds being
slightly stronger than those using the 700-mb level
winds. Various analysis techniques, described by
Arkin (1982) and Dey (1989), were utilized by the
NCEP during the 25-year period considered here.
In order to examine the possible impact of the
changes in analysis techniques on the correlations
presented in this study, results using NCEP winds
for 1975-92 were compared to those using winds
generated by a single analysis scheme archived by
the TPC (see discussion in Shapiro 1987). The cor-
relations in sections 3 and 4 using the NCEP and
TPC winds display only minor differences. The 25-
year wind record, 1968-92, used in the present
study is more than twice as long as that used by
Shapiro (1987).

Winds averaged for ASO during the 25-year period
of 1968-92 are shown in Fig. 3. The mean upper-level
winds (upper panel) are westerly over most of the At-
lantic basin. The lower-level flow (middle panel) is
easterly from the equator to close to 30°N. The net ver-
tical shear V, (lower panel), the difference between the
upper- and lower-level winds, is westerly throughout
almost the entire basin. The largest magnitudes of the
vertical shear |V,| in the Tropics and subtropics lie
along an axis from ~15°N in the Caribbean Sea to
~20°N at the west coast of Africa. This area of strong
shear (>10 m s™") covers most of the main develop-
ment region for Atlantic tropical cyclones. Hebert
(1978) suggested that the vertical shear in the vicinity
of a tropical system that is south of ~30°N needs to be

less than ~5 m s~ for tropical cyclone development
to occur.* Therefore, as noted above, the mean condi-
tions in the main development region tend to be unfa-
vorable for development.

Of course the day-to-day values for |V, would be
expected to vary substantially from the three-month cli-
matological values in Fig. 3. Intermonthly variations
occur as well. In particular, during the ‘‘late season’’
month of October, | V,| in the main development region
is usually larger than during August and September,
the other two months in the seasonal average used here.
Of the 11 MHs that have formed in October since 1949,
however, almost all formed from easterly waves and
began development (reached depression strength) in
the main development region, just as in August and
September. Some of the correlations in sections 3 and
4 were also calculated using only August and Septem-
ber data to test for the sensitivity of the inclusion of
October in the seasonal average and showed only minor
differences. Therefore, consistent with the perspective
of previous hurricane climate studies (see section 1),
the present study will use mean winds for ASO in an
attempt to evaluate the overall characteristics of each
hurricane season.

c. El Nifio index

Gray et al. (1993) use Climate Prediction Center
(CPC, formerly the Climate Analysis Center)/NOAA

* The threshold used in Hebert (1978) was for the difference be-
tween analyses for the upper (200—600 mb) and lower (600—1000
mb) layers. For the difference between the 200- and 700-mb levels
used to specify V, in the present study, an equivalent threshold for
development might be somewhat higher.
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values for the Nifio 3 region (5°N-5°S, 150°W-90°W)
for June—July in making their 1 August forecast of At-
lantic basin tropical cyclone activity. For the present
study, anomalies (based on 1950-79 climatology)
from the Geophysical Fluid Dynamics Laboratory
(GFDL.)/NOAA SST dataset, described by Qort et al.
(1987), were averaged over the Nifio 1 and Nifio 2
(Nifio 1 + 2; see Fig. 2), and Nifio 3 and Nifio 4 (5°N-
5°S, 160°E—-150°W) regions. The GFDL SST analyses
are only available through 1988; anomalies for later
years have been obtained using the SST anomalies de-
rived by the CPC/NOAA for the same areas.” The
monthly CPC anomalies have been adjusted to account
for the difference between the GFDL and CPC clima-
tologies for the various regions. Linear correlations
have been calculated between six of the measures of
tropical cyclone activity for the North Atlantic basin,
such as those used by Gray et al. (1993) for ASO and
ASO SST anomalies for the Nifio regions for the period
1968-92. The nature of these relationships may not
necessarily be valid for earlier periods. In particular,
Wang (1995) indicates that the character of the tem-
poral and spatial evolution of the tropical Pacific SST
anomalies related to El Nifio episodes changed in the
mid-1970s. For the time period of the present study, of
the various regions, the anomalies for Nifio 1 + 2 dem-
onstrated the strongest contemporaneous correlation
with all but one of the measures of tropical cyclone
activity and, therefore, will be used as the contempo-
raneous quantitative measure of El Nifio. Some of the
correlations presented in this study were also calculated
using the anomalies for the Nifio 3 and Nifio 4 regions
and yielded similar results.

The El Nifio index (ENI), derived from the Nifio 1
+ 2 region anomalies and averaged for ASO, is shown
in Fig. 4. The period used for this study encompasses
several El Nifio events described in Quinn et al.
(1987): the ‘‘very strong’’ 1982-83 event, the
‘“‘strong’’ 1972-73 event, and the ‘‘moderate’” 1976
and 1987 events. Also included are the ‘‘weak’” 1969
event (Quinn et al. 1978) and the more recent 1992
event (Wang 1993). For the purpose of the contem-
poraneous correlations presented in this study, it should
be noted that the actual maximum strength of a partic-
ular event (usually during spring ) is not used, but rather
the anomaly during ASO, the active portion of the At-
lantic hurricane season. The strongest ASO anomalies
are for the strong 1972 and very strong 1982-83
events. Note, however, that the SST anomaly had al-
ready become strongly negative by ASO of the second
year of the 1972-73 event, whereas the 198283 event
still displays a positive anomaly in its second year,
1983. In addition, the ASO anomaly for 1992 is slightly

* Since the time of this study, the GFDL dataset has been extended
through 1992 and the CPC indices have been extended back to 1950.
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negative even though El Nifio conditions accompanied
by positive anomalies in the Nifio 1 + 2 region had
existed earlier that year. The moderate 1976 and 1987
events also display positive anomalies in excess of 1°C.

d. West African (Sahelian) rainfall index

The Sahel, located between ~10° and 20°N in Af-
rica, receives most of its precipitation during the
Northern Hemisphere’s summer monsoon season.
Landsea and Gray (1992) have correlated rainfall
amounts at individual stations with North Atlantic MH
activity and created a rainfall index for the western Sa-
helian region for June—September. The stations used
for this Sahel index (SI) are from the region delineated
in Fig. 2. The values for SI for 1968 through 1992
(Landsea and Gray 1992; C. Landsea 1992, personal
communication) are shown in Fig. 5. The June—Sep-
tember period used for SI is not strictly contempora-
neous with the ASO period used in the present study.
This rainfall index constitutes, however, the rainfall pa-
rameter concurrent with the Atlantic hurricane season
used in Gray (1990), Gray and Landsea (1992), and
Landsea and Gray (1992). Also, as presented in Table
4 of Landsea and Gray (1992), almost two-thirds of
the western Sahelian rainfall during June—September
occurs during August and September, and little rainfall
occurs during October.

During most of the years used for the present study,
the Sahel experienced rainfall below the long-term mean
(1949-90) due to the drought that began in 1968 (Lamb
1982). Only 3 years since that time have exhibited rain-
fall amounts above the long-term mean. The 19 driest
years from 1949-90 in the Landsea and Gray (1992)
study are all contained in the 25-year period used here.
The years in the present study still exhibit substantial
interannual variability, however, as evidenced in Fig. 5.
In addition, Landsea and Gray (1992) showed that the
correlation between MH activity and the SI is about the
same for the ‘“‘wet’’ (1949-69) and “‘dry”’ (1970-90)
periods used in their study, indicating a very stable re-
lationship that is probably still valid during the drier dec-
ades. However, because a substantial portion of SI (and
MHI) variability occurs on the decadal timescale (Land-
sea 1991), it is possible that the relationships elucidated
in this study would be different for the wetter decades
such as the 1950s and 1960s.

e. Correlations

The linear correlation coefficients and corresponding
reduction of variance for the relationships between MHI,
ENI, and SI are given in Table 1. A classical runs test
for serial correlation (e.g., Siegel 1956; cf. Shapiro
1984, footnote on p. 1382) indicates that the series MHI,
ENI, and SI are each nearly random during the 25-year
record. Correlations in this study will be termed *‘sig-
nificant’ if their magnitude exceeds the 95% signifi-
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FIG. 3. Average ASO winds from the NCEP analyses for 1968—92. Streamlines and isotachs
(m s~") are shown. Isotach intervals are 2 m s~' (200 mb and V,) and 1 m s™' (700 mb). Wind
speeds >6 m s~' (200 and 700 mb) and >8 m s~' (V,) are shaded.

cance level for a sample size of 25, as determined from
‘the appropriate F test (e.g., Kleinbaum and Kupper
1978). The (small) linear trend has been removed from
each time series prior to computing the correlations.
The linear correlation coefficient between MHI and
ENI is r(MHI, ENI) = —0.41. This negative correla-
tion, explaining 17% of the variance, indicates that, as
shown by previous studies, MH activity tends to de-
crease when there are positive SST anomalies in the
equatorial eastern Pacific. The linear correlation coef-
ficient between MHI and SI is r(MHI, SI) = 0.70. This

positive correlation, explaining 49% of the variance,
indicates that MH activity tends to increase during
anomalously high Sahelian rainfall and decrease during
drought (Gray 1990; Landsea and Gray 1992).

3. Results for primary relationships

a. Correlation of MHI with winds

The map of the linear correlation coefficients between
MHI and |V,|, r(MHI, |V,]|), is shown in Fig. 6. The
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FIG. 4. El Niiio index as defined by the average SST anomalies
during ASO for the Nifio 1 + 2 region (see Fig. 2).

magnitude of the vertical shear | V,| has been calculated
for each year after V, has been averaged for ASO.
Regions in Fig. 6 where the correlations are significant,
based on an a priori test, are shaded. Since the discussion
of the significant correlations will be confined primarily
to the main development region, where relationships be-
tween winds and the MHI are expected on physical
grounds, an a priori test is appropriate. It should be noted
that because of the winds’ spatial scales of variability
and teleconnection patterns, a region might contain
strong correlations not because that region is in itself
physically related to Atlantic tropical cyclone develop-
ment, but rather because the winds in the region are
correlated with the winds in a physically significant area.

The correlations are negative to the south of 20°N
throughout almost all of the Atlantic basin. The strong-
est correlations, accounting for up to 50% of the vari-
ance, are between ~10° and 15°N, directly off the West
African coast and in the central portion of the basin.
Most of the systems that developed into MHs during
the period 1968-92 reached depression stage between
~10° and 15°N (see Fig. 2), basically the region where
the magnitude of the correlations exceeds 0.6. The neg-
ative correlations in this region indicate that the number
of MHs tends to be above (below) average for years
where |V,| in the main tropical cyclone development
region is bel~w (above) the climatological mean. The
correlations in Fig. 6 are similar to those found by Sha-
piro (1987). In the seasonal forecasts issued on 1 Au-
gust, Gray et al. (1993) use 200-mb zonal wind anom-
alies in the eastern Caribbean, one of the regions shown
here to have the strongest correlations.

b. Correlation of ENI with winds

The negative correlation between the MHI and the
ENI (Table 1) has been attributed to El Nifio being
associated with upper-level westerly anomalies over
the Caribbean and tropical Atlantic, resulting in in-
creased vertical shear (Gray 1984a; Shapiro 1987).
Figure 7 shows the linear correlation coefficients be-

tween the ENI and | V,|, r(ENI, |V,|). The scalar co-

GOLDENBERG AND SHAPIRO

1175

S O U S S T T T T YUY T T T T O VAT S Y Y S SO S

Mean Standard Deviation

FIG. 5. June—September Sahelian rainfall index in units of mean
standard deviations, as derived by Landsea and Gray (1992) for the
region delineated in Fig. 2. Solid horizontal reference line corre-
sponds to sample (1968-92) mean. Horizontal dotted line indicates
long-term (1949-90) mean.

variances (not shown) for this relationship associated
with the positive correlations between 10° and 15°N are
1-2ms~'. As might be expected, the correlations are
strongest in the southwest portion of the Atlantic basin,
the region closest to the anomalous warm waters in the
equatorial eastern Pacific associated with El Nifio. The
correlations are positive for most of the basin south of
20°N, with some regions explaining over 50% of the
variance. A positive correlation signifies that a positive
ENI (anomalously warm SST, such as would be as-
sociated with an El Nifio event) is associated with in-
creased | V,| in the main tropical cyclone development
region. This supports the findings of other studies that
during an El Niiio event, hurricane formation is inhib-
ited due to increased vertical shear in the main devel-
opment region. The southern portion of the pattern in
Fig. 7 is similar to the changes in vertical shear asso-
ciated with another El Nifio index in Shapiro (1987).

To examine the circulation features that produce the
association between the ENI and | V,| shown in Fig. 7,
vector correlations and covariances were calculated for
the relationships between the ENI and the upper-level,
lower-level, and vertical shear vector winds. The co-
variance vector, showing the portion of the wind vari-
ability correlated with the ENI, is given by

C(ENL V) = ¢,r(ENL, u)i + o,r(ENL v)j, (1)

TABLE 1. Linear correlation coefficients for relationships between
the MHI, ENI, and SI. Partial correlation coefficients and multiple
correlation coefficients are also shown. Correlations that are
significant at the 95% level are marked with an asterisk.

r r
r(MHI, ENI) —-0.41* 0.17*
r(MHI, SI) 0.70* 0.49*
r(ENI, SI) —0.43%* 0.19*
r(MHI, ENI|SI) -0.16 0.03
r(MHI, SI{END) 0.64* 0.41*
R(MHI; ENI, SI) 0.71% 0.50*
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FIG. 6. Map of linear correlation coefficients between the MHI and |V,| for 1968-92. Mag-
nitudes are multiplied by 100; contour interval is 0.1. Negative contours are dashed. Regions
~where the correlations are significant at the 95% significance level (see text) are shaded.

where u and v are the zonal and meridional wind com-
ponents, respectively; ¢, and o, are the standard devi-
ations of the wind components; and i and j are the zonal
and meridional unit vectors, respectively. The covari-
ances indicate wind anomalies associated with ENI
anomalies one standard deviation above normal. The
statistically significant portions of the patterns for the
correlation and covariance fields for the upper and
lower levels (not shown) are qualitatively similar to
results shown in Shapiro (1987), with an equatorially
confined, near-zonal circulation. In the covariance
fields for the present study, westerly anomalies at the
200-mb level extend across the entire analysis region,
including the east Pacific, from the equator to ~20°N,
with the strongest anomalies in the southwest portion
of the Atlantic basin. The lower-level (700 mb) covari-
ances contain easterly anomalies extending across most
of the analysis region from the equator to ~15°N. Al-
though the magnitudes of the covariances at the lower
level are much less than for the upper level in most of

r(ENI, IV, )

the southern portion of the basin, the correlations for
the region containing the lower-level easterlies are nev-
ertheless statistically significant. The map of the co-
variances for the relationship between the ENI and V,,
C(ENL, V,), is shown in Fig. 8. The upper- and lower-
level anomalies associated with a positive (warm) ENI
value combine to create strong westerly shear anoma-
lies throughout the entire basin south of 20°N. These
westerly anomalies add to the climatologically westerly
vertical shear in the Atlantic basin (see Fig. 3) and
result in a region of increased |V,| (as shown in Fig.
7), thereby creating an environment less favorable for
tropical cyclone development south of 20°N.

A zero correlation line in Fig. 7, associated with a
change in direction of the shear anomalies in Fig. 8,
lies east—west along 20°N from the coast of Africa to
the eastern tip of Cuba; in the Gulf of Mexico it lies
close to 25°N. An area of negative correlations occu-
pies the region over the Atlantic north of the zero line
to between ~30° and 35°N, where the direction of the

40N |-

30N

20N

EG -

S0W

120W 110W 100W 80W

B0W  SOW 40W  30W 20W  10W

FIG. 7. Same as Fig. 6 but for the correlation between the ENI and |V,|.
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south of about 15°N, are nearly zonal.

shear anomalies again changes. Negative correlations
signify that a positive ENI is associated with reduced
| V.| in that region. Although almost none of these neg-
ative correlations are statistically significant, the pattern
suggests that changes of |V,| in this band to the north
of the main development region are unrelated to, or
possibly out of phase with, changes in |V,| south of
20°N. The correlation between area-averaged |V,| to
the north and to the south of 20°N is, in fact, slightly
negative but is not statistically significant. Note that
Fig. 6, which showed r(MHI, | V,|), has a similar sign-
reversal area to the north of 20°N. Since the main phys-
ical mechanism for SST-associated |V,| variability is
from an equatorially confined zonal circulation, it
would be expected that |V,| fluctuations to the north
would have a weaker, or in this case even opposite,
relationship. The potential importance of the sign-re-
versal area will be discussed further in section 5.
Vorticity anomalies associated with the upper- and
lower-level anomalies that contribute to vertical shear,
shown in Fig. 8, may also contribute to the relationship
between the MHI and the ENI. The vertical component
of the vorticity, defined here as {[C(ENI, V)] =k -V
X [C(ENI, V)], where k is the vertical unit vector,
has been calculated for the covariance fields discussed
above. The results for vorticity (not shown) are similar
to the results presented in Shapiro (1987). Cyclonic
anomalies in the upper troposphere and anticyclonic
anomalies in the lower troposphere cover most of the
main tropical cyclone development band. Gray
(1984a) hypothesized that part of the cause for the sup-
pression of North Atlantic tropical cyclone activity dur-
ing El Niflo events was due to 200-mb level cyclonic
vorticity anomalies. The results from the present study
are consistent with this hypothesis and also indicate

possible contributions to the El Nifio—MH relationship
from anticyclonic vorticity in the lower level.

¢. Correlation of SI with winds

The correlations between the SI and |V,|, shown in
Fig. 9, are negative for most of the basin south of 25°N,
with some regions explaining over 40% of the variance.
Statistically significant correlations cover most of the
main development region. As with the ENI, the vertical
shear scalar covariances with the SI (not shown) are
between ~1 and 2 m s™! across almost this entire re-
gion. The negative correlations signify that increased
(decreased) western Sahelian rainfall is associated with
decreased (increased) |V,|. As suggested by Gray
(1990), this relationship implies that one of the reasons
for increased (decreased) MH activity during years
with an increased (decreased) SI is the associated de-
creased (increased) vertical shear.

To illustrate the cause of the fluctuations in | V| as-
sociated with the SI, correlations and covariances have
been calculated for the relationships between the SI and
the upper-level, lower-level, and vertical shear vector
winds. The covariances for these relationships are
shown in Fig. 10. At the 200-mb level (top panel of
Fig. 10), easterly anomalies extend across the entire
analysis region from the equator to ~20°N. The in-
creased upper-level easterlies in the main development
region associated with an increased SI support the find-
ings of Landsea and Gray (1992), using station data in
the Caribbean Sea area. In addition, at the lower level
(700 mb, middle panel) westerly anomalies extend
across most of the analysis region from the equator to
close to 20°N. In certain portions of the central Atlantic,
the upper- and lower-level anomalies are of similar mag-
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FiG. 9. Same as Fig. 6 but for the correlation between the ST and |V,]|.

nitude. In fact, although the magnitudes of the covari-
ances at the lower level are less than those for the upper
level in most of the southern portion of the basin, the
correlations (not shown) for the region containing the
lower-level westerlies are stronger than those for the up-
per level, explaining over 50% of the variance in the
area centered on 10°N and 50°W. These findings indicate
that the lower-level wind fluctuations associated with SI
fluctuations are also important contributors to changes
in vertical shear in the main development region.

The upper- and lower-level anomalies associated
with positive (wet) SI anomalies form an equatorially
confined, near-zonal circulation that results in strong
easterly vertical shear anomalies (bottom panel) across
the entire basin south of ~20°N, just as would be as-
sociated with negative (cold) ENI anomalies (cf. Fig.
&). The easterly anomalies associated with a wet SI and
a cold ENI cancel part of the climatological westerly
vertical shear in the Atlantic basin (see Fig. 3), thereby
creating an environment more favorable for tropical cy-
clone development, just as the westerly anomalies as-
sociated with a negative (dry) SI and a positive (warm)
ENI add to the climatological shear, resulting in in-
creased |V, |. During drought years, the climatological
easterly jet at 200 mb located in the southeast corner
of the domain in Fig. 3 (top panel) is weakened by
westerly upper-level anomalies. The climatological
easterly jet at 700 mb in Fig. 3 (middle panel) located
just to the north of the 200-mb jet would be strength-
ened by lower-level easterly anomalies during the
drought years. These variations in the upper- and
lower-level jets are consistent with the findings of
Newell and Kidson (1984).

The spatial extent of the wind and shear covariance
patterns with the SI (Fig. 10) and the ENI (see Fig. 8)
makes it quite unlikely that the correlations and covari-
ances shown here are solely the result of wind anom-
alies caused by tropical cyclones during the ASO pe-
riod. The shear anomalies, in particular, are strongest
south of 10°N and extend westward over South Amer-

ica into the east Pacific. Moreover, lag covariances be-
tween the ENI, as well as the SI, and vertical shears in
June—July (not shown) evidence similar patterns.® Thus,
in agreement with Shapiro’s (1987) monthly analysis
for tropical storms, a favorable environment in the main
development region appears to be established several
months prior to the time when MHs develop.

In the map of correlations between the SI and |V, |
in Fig. 9, there are only negligible statistically signifi-
cant regions to the north of the main development re-
gion. The correlations to the north are small and gen-
erally positive. As with the ENI (Fig. 7), the correla-
tion changes sign where the direction of the shear
covariances (Fig. 10) changes. The different nature of
the correlations to the north was discussed earlier, with
respect to the relationship between the ENI and |V,
(see section 3b). The potential impact of the conditions
in that region will be discussed further in section 5.

As with the ENI, vorticity anomalies associated with
the circulation patterns may also contribute to the re-
lationship between MH activity and the SI. In the case
of these SI-associated patterns, anticyclonic anomalies
in the upper troposphere and cyclonic anomalies in the
lower troposphere (not shown) cover most of the main
development region. These results suggest that, as with
the association between MHs and the ENI, vorticity
anomalies may also play a role in the associations be-
tween MHs and the SI, acting to favor development
during wet years and inhibit development during drier
years, as suggested by Landsea and Gray (1992).

4. Isolation of physical mechanisms

a. Separating influences of the ENI from the SI

As discussed previously, the correlation between the
MHI and the ENI is small and negative, but statistically

% As noted by Gray et al. (1993), early season (June—July) Atlantic
tropical cyclone activity constitutes only a small portion of and has
little relationship to the total activity of each season.
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significant (see Table 1). The correlation between the
MHI and the SI is large, positive, and also significant.
The correlation between the ENI and the SI, r(ENI,
SI) = —0.43, which is small but statistically significant,
explains 19% of the variance. The relationship between
El Nifio and West African rainfall has also been dis-
cussed by Folland et al. (1986, 1991), Landsea et al.
(1993), and others.

In order to separate the various factors related to in-
terannual fluctuations of MHs, we use the method of
partial correlations (see, e.g., Kleinbaum and Kupper

1978). The partial correlations involving the MHI,
ENI, and SI are given in Table 1. The partial correlation
coefficient between the MHI and the SI with the vari-
ability explained by the ENI removed, r(MHI,
SI|ENI), is 0.64. This correlation is statistically sig-
nificant and explains 41% of the remaining variance.
Therefore, knowledge about the SI adds important ad-
ditional information about MH activity apart from re-
lationships with the ENI. The partial correlation coef-
ficient between the MHI and the ENI with the vari-
ability explained by the SI removed, r(MHI, ENI|ST),
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is, however, only —0.16. This correlation is not signif-
icant and explains less than 3% of the remaining vari-
ance. These results suggest that while the SI provides
substantial information about interannual MH activity
apart from associations with the ENI, the ENI supplies
no significant additional independent information on
contemporaneous fluctuations in MH activity above
that already supplied by knowledge of the SI within the
linear context. These results, of course, do not neces-
sarily apply to nonlinear or predictive relationships.

To illustrate the probable reasons for these results,
partial correlations and covariances were calculated
with the winds. These partials isolate the relationship
between the SI and the winds and the relationship be-
tween the ENI and the winds from those due to inter-
relationships between the SI and the ENI. Figure 11
shows the covariances for the relationships between the
SI and the upper-level, lower-level, and vertical shear
vector winds with the variability explained by the ENI
removed. The covariances are given by

C(SL, V|ENI) = o*[r(SL u|ENI)]i
+ o*[r(SL v|END1j, (2)

where 0¥ = [1 — r*(u, ENI)]"%0, and o = [1
— r*(v, ENI)]"?0, are the standard deviations of the
respective wind components after the variability ex-
plained by the ENI has been removed. Comparisons
with Fig. 10 show how both the covariance and area of
statistically significant correlations in the main devel-
opment region at the 700-mb level (middle panel) are
changed very little by the removal of the variability
associated with the ENI. The results at the 200-mb level
(top panel), however, show a noticeable reduction of
covariance and area of significant correlations in the
development region. This reduction suggests that much
of the variability attributed to the relationship between
the SI and the winds at 200 mb is actually due to the
relationship between the SI and the ENI and, subse-
quently, the relationship between the ENI and the 200-
mb winds. There is still evidence of an equatorially
confined upper- and lower-level zonal circulation in
Fig. 11, but the new results portray nearly equal con-
tributions to the vertical shear anomalies (bottom
panel ) from the upper- and lower-level winds, whereas
the contribution in Fig. 10 from the upper level was
larger over most of the region. While Landsea and Gray
(1992) focused primarily on the correlations with up-
per-level winds, the present results indicate the impor-
tance of low-level winds in understanding the changes
in vertical shear in the main development region re-
sponsible for the relationship between the SI and MHs.

By contrast, removing the variability associated with
the SI from the correlations and covariances between
the ENT and the winds (not shown ) does not noticeably
reduce the region of significant correlations between
the ENI and the winds at the upper or lower levels in
the Atlantic basin. The covariance between the ENI and
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the winds is reduced more at the lower level than at the
upper level, acting to slightly increase the dominance
of the contribution of the 200-mb variability to the ver-
tical shear variability. Therefore, with the ENI, the in-
dependent mechanism is still the equatorially confined
upper- and lower-level zonal circulation dominated by
the upper-level branch. :

Vorticity fields from the covariances of the partials
for the upper and lower levels discussed above (also
not shown) demonstrate little change from the fields
discussed in the previous section except in the relation-
ship between the SI and the 200-mb-level winds with
the variability explained by the ENI removed, where
the area of anticyclonic vorticity is virtually eliminated.
These results suggest that, with the influence of the SI
and the ENI separated from each other, the role of vor-
ticity in explaining some of the relationship between
the SI and MH activity is reduced, at least at the 200-
mb level, whereas its role in the association between
the ENI and MH activity is maintained.

The partial regressions discussed above clarify the
independent physical mechanisms that result in the
anomalies of vertical shear that are associated with
fluctuations in the ENI and the SI. The scalar co-
variance fields, based on partials between the ENI,
the SI, and {V,]|, are given in Fig. 12; Comparison
between C(ENI, |V,||SI) (Fig. 12a) and C(ENI,
| V,|) (not shown) indicates that the effect of remov-
ing SI variability is to reduce the overall' magnitude
of the covariance in most of the region south of 25°N,
especially near 10°N. Comparison between C(SI,
[V, |ENI) (Fig. 12b) and C(SI, | V,|) (not shown)
indicates that the effect of removing ENI variability
also reduces the overall magnitude of the covariance
in most of the region south of 20°N, but this time,
especially south of ~10°N, the lower limit of the
main development region. In addition, the overall
areas of statistically significant correlations in the
main development region shown in Figs. 12a,b are
reduced from the statistically significant areas in that
region for r(ENI, |V,|) (see Fig. 7) and r(SI, |V,])
(Fig. 9), respectively.

To summarize the comparison of the independent
associations between the ENI and |V, |, and the SI and
| V.|, differences between the magnitudes of the co-
variances shown in Figs. 12a,b are presented in Fig.
12c. Areas of positive differences indicate where the
anomalies associated with the SI are greater than the
anomalies associated with the ENI. The map clearly
shows that the anomalies associated with the SI dom-
inate the ENI influence in virtually the entire main de-
velopment region. Areas of negative differences, indi-
cating anomalies associated with the ENI dominating
the SI influence, occupy the regions in the Atlantic ba-
sin from the equator to ~10°N and from ~20° to 30°N.
Thus, even though C(ENI, |V,||SI) has a larger and
stronger statistically significant region than C(SI,
| V.| |ENI), the strongest values are south of the main
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development region. Therefore, the probable reason for
the minimal independent contribution of contempora-
neous ENI fluctuations to MH activity, as represented
by the small value of r(MH, ENI|SI), is that the fluc-
tuations in the magnitude of vertical shear in the main
development region are primarily associated with fluc-
tuations in the SI. Note that these results do not directly
invoive MHs and, therefore, can probably be general-
ized to include the other measures of Atlantic tropical
cyclone activity.

b. Separating influences of the ENI and the SI from
vertical shear

The results presented in sections 3 and 4a strongly
suggest that one of the physical mechanisms causing
the relationships between the MHI and the ENI and
between the MHI and the SI is the interannual vari-
ability in vertical shear over the main development re-
gion associated with ENI and SI fluctuations. The next
step is to examine whether or not the ENI and the SI
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removed. Regions where the linear correlations for the relationship are significant at the 95%
51gn1ﬁcance level are shaded. The difference between the absolute magnitudes, |®)] — |@)],is

given in (c). Isotach interval is 0.2 m s™.

contain additional information about the MHI apart
Jrom that due to their association with the fluctuations
in vertical shear. Figure 13 shows the multiple partial
correlation, »2(MHI; ENI, SI| | V,|), which is the frac-
tional variance of MHI explained by ENI and SI after
the variance explained by | V,| is removed. The minima
along 10°N between 40° and 70°W indicate that, given
information about | V,] in that portion of the basin, the
SI and the ENI explain only ~25% of the remaining
variance of the MHI. In addition, there is a minimum
near 15°N on the West African coast. These results in-

dicate that the SI and the ENI contain a small, but not
negligible, amount of information on MH activity be-
yond that contained in the winds, particularly reflected
in | V,| in the region where some of the waves develop
into depressions (see Fig. 2) and in the region where
the easterly waves move off the coast. Virtually all of
the residual information is, in fact, due to the SI; the
map of »>(MHI; ENI| | V,|) (not shown) indicates that
the ENI provides essentially no additional information
about the MHI beyond that provided by knowledge of
| V.| in the southern portion of the basin. Figure 13
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are shaded.

demonstrates that, although | V,| explains a substantial
part of the association between the SI and the MHI,
other mechanisms, such as variations in the strength of
the easterly waves, may also contribute to the associ-
ation, as suggested by Landsea and Gray (1992).

One final issue is whether there is any information
contained in the relationship between the MHI and |V, |
that cannot be attributed to their relationship with the
ENI and the SI. Figure 14 shows the partial correlation
between the MHI and |V,| with the variability ex-
plained by ENI and SI removed. The area of significant
correlations between the MHI and |V, | is substantially
reduced in the partial correlation, »(MHI, |V,| |ENI,
SI), from the simple correlation in Fig. 6. There still
remains a small area of significant correlations, how-
ever, in the development region between ~10° and
15°N and 55° and 70°W in the eastern Caribbean. These
results indicate that there are interannual fluctuations
in | V,| not associated with the ENI and the SI that still
have significant associations with MH activity.

As illustrated in Figs. 15a,b, which show the covari-
ances C(MHI, V,) and C(MH]I, V,|ENI, SI), respec-
tively, the removal of the variability associated with the
ENI and the SI effectively eliminates the equatorially
confined zonal circulation south of 10°N so evident in
C(MHLI, V,). The remaining fluctuations in V, and | V,]
that affect MH activity (Figs. 14 and 15b) appear to be
associated with a cross-equatorial flow occupying the
area between the equator and 20°N, and which extends
across the entire analysis domain. This flow, for which
the main contribution is at the 200-mb level (not
shown), produces the easterly anomalies in the devel-
opment region associated with the residual area of sig-
nificant correlations in Fig. 14.

5. Summary and discussion

Correlations using 25 years of wind data for the 200-
and 700-mb levels have elucidated the primary physical

mechanisms responsible for the contemporaneous re-
lationships shown in earlier studies between the num-
ber of August—October major hurricanes in the North
Atlantic basin, an index of western Sahelian monsoon
rainfall amounts, and an equatorial eastern Pacific SST
index of El Nifio. Partial correlations have been used
to isolate some of the relationships associated with the
various indices. The data used in the present study are
for ASO, the most active months of the Atlantic hur-
ricane season, with the exception of the rainfall data,
which are for June—September (see section 2). Some
of the results in this study have established relation-
ships between the rainfall, El Nifio indices, and the
winds that do not invoive major hurricanes and, there-
fore, could be generalized to include other measures of
Atlantic basin tropical cyclone activity.

The results consistently support the conclusion that
the upper- and lower-level winds over the region in the
basin between ~10° and 20°N, where most of the trop-
ical cyclones that eventually reach major hurricane
strength begin development, are critical determinants
of the number of major hurricanes in each hurricane
season. In particular, as shown in previous studies, in-
terannual fluctuations in the upper- and lower-level
winds that produce changes in the magnitude of vertical
shear (| V,|) in that region are one of the most important
factors associated with changes in seasonal major hur-
ricane activity. In the present study, changes in vertical
shear have been related to changes in the western Sa-
helian rainfall and eastern Pacific SSTs. As noted in
section 3c, the shear patterns appear to be established
several months before the time when MHs form and,
therefore, are not solely due to the developing storms
themselves.

Most of the correlation between the Sahelian rainfall
fluctuations, as well as eastern Pacific SST fluctuations,
and the interannual variations in the number of major
hurricanes appears to be the resuit of an equatorially
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confined zonal circulation that contributes to changes
in |V,| over the main development region (between
~10° and 20°N). In years with positive (wet) rainfall
anomalies, the circulation anomalies strongly resemble
the circulation to the west of the ascending branch of
a Walker cell, which might be forced by enhanced con-
vection over western Africa and the adjacent water. In
years with positive (warm) SST anomalies in the east-
ern Pacific, the circulation anomalies are of the oppo-
site sense, such as might be forced by enhanced con-
vection over the central and eastern Pacific during an
El Nifio event. Additional analysis would be required,
however, to establish the mechanism that creates the
circulation anomalies.

When El Nifio—related effects are removed from the
Sahel rainfall-associated circulations, the magnitude
of the contributions from the upper- and lower-level
branches are comparable (Fig. 11). The strongest cor-
relations, however, appear to be from the lower-level
branch. This result shows the importance of the low-
level contribution to the relationship between the SI
and V, in the main development region.

For the dataset used in the present study, the variance
in the number of major hurricanes explained by the
rainfall parameter is almost three times greater than that
explained by the eastern Pacific SST parameter. It ap-
pears that the principal reason for the dominance of the
rainfall-related effect is that the changes in |V,]| in the
main development region are more influenced by as-
sociations with changes in rainfall than by changes re-
lated to eastern Pacific SST anomalies (Fig. 12c). Al-
though the SST-related |V,| anomalies in the Tropics
are actually stronger than the anomalies associated with
rainfall, the SST-related maxima are south of the main
development region. Since a larger percentage of major
hurricanes have their origins from easterly waves than
weaker hurricanes or tropical storms, and since for the
time period of this study almost 90% of those waves
began to intensify in the main development region, it

is not surprising that, of the various measures of Atlan-
tic basin tropical cyclone activity, major hurricane ac-
tivity shows the strongest correlation with the rainfall
parameter (Landsea and Gray 1992).

The results indicate that not all of the relationship
between rainfall and major hurricane fluctuations in the
present study is due to changes in |V,| (see Fig. 13).
Landsea and Gray (1992) suggest other mechanisms
for the relationship, such as interannual variability in
the character of the easterly waves themselves. If the
waves are weaker during drier years, this could also
lead to fewer waves developing into major hurricanes.
The differences in wave characteristics between wet
and dry years have not yet been established. Part of the
relationship between rainfall and tropical cyclone ac-
tivity and between the SSTs and tropical cyclone activ-
ity might also be due to associated vorticity changes in
the upper or lower troposphere. Complementary
changes in the vorticity accompany most of the results
that were presented. Since removal of the variability
explained by SST anomalies reduces the rainfall-re-
lated vorticity at 200 mb (section 4a), however, the
role of vorticity in influencing major hurricane activity
may be minimal. Other environmental factors associ-
ated with Sahel rainfall fluctuations influencing sea-
sonal major hurricane activity, such as local SST fluc-
tuations in the Atlantic basin, may also explain part of
the relationship (Shapiro 1982b). These relationships
are a topic of further investigation to be presented else-
where.

In addition, it was shown that most of the vari-
ability in |V,| related to major hurricane activity is
associated with the rainfall and SST fluctuations. A
residual area of statistically significant correlations
between major hurricanes and | V,| after rainfall and
SST effects were removed (Fig. 14) suggests, how-
ever, the existence of additional factors that may be
associated with the |V,| fluctuations in the main de-
velopment region.
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The correlation patterns for major hurricanes with
| V.| (Fig. 6) and both rainfall and SST associations
with |V,| (Figs. 7, 9, 12a, and 12b) display a region
to the north of the main development region where the
sign of the correlations are reversed from the sign in
the development region. The eastern Pacific SST-re-
lated changes in |V,] dominate over rainfall-related
changes in this northern region between ~20° and 30°N
(Fig. 12¢). Although the correlations in most of this
northern region are not statistically significant, the spa-
tial coherence of these correlation patterns invites some
speculation about their physical importance. The re-
sults suggest that, for most of the region to the north
of the main development region, the fluctuations in
| V.| are unrelated to or even out of phase with |V,|
fluctuations in the development region. The lack of sta-
tistical significance for most of the fluctuations in the
northern region is an expected consequence of the
equatorially confined nature of the zonal circulations
that are the primary physical mechanism for both the
SST- and rainfall-related fluctuations of | V,|. The pos-
sibly out-of-phase nature of the relationship between
the north and south regions could be due to a change
in the strength of the mid-Atlantic tropical upper-tro-
pospheric trough, as suggested by Gray (1994) or, as
suggested by Shapiro (1987), an association with the
Pacific/North American pattern. The relationship sug-

gests a possible physical explanation for the conclu-
sions drawn by Gray and Landsea (1992) and Landsea
et al. (1992), that in general major hurricane activity
affecting the Gulf Coast seems unrelated to activity
elsewhere in the Atlantic basin, as well as for the evi-
dence presented by Gray (1994) for an inverse rela-
tionship between hurricanes in the Atlantic forming to
the north and south of 25°N (see section 1). During
years with increased |V,| in the main development re-
gion, |V,| could be slightly decreased in the ~20°—
30°N band to the north. Thus, the northern region will
remain close to the climatological vertical shear (see
Fig. 3), which for most of that region is already close
to or less than the suggested Hebert (1978) 5 ms™'
threshold for development. Therefore, years of below-
normal rainfall (drought) or above-average SSTs (El
Nifio conditions), which would yield unfavorable con-
ditions for development in the main development re-
gion, would still allow for major hurricane develop-
ment to the north from easterly waves or tropical cy-
clones that ‘‘survive’’ the journey through the
unfavorable conditions to the south as well as from
midlatitude or subtropical systems. Since the correla-
tions between the El Nifio index and | V,| (Fig. 7) and
between the rainfall index and |V,| (Fig. 9) do not
explicitly include information about major hurricane
activity, the results should also apply to other hurri-



1186

canes and tropical storms. Fewer of these other systems
should be able to form from easterly waves in the main
development region during the warmer (SST) and/or
drier (rainfall) years but could still develop to the north
during those years.

Caution must be exercised when applying relation-
ships based on the correlations in the present study.
Although statistically significant relationships were
found, 25 years is still a relatively short period, espe-
cially given the evidence for multidecadal-type
changes in the western African rainfall and major hur-
ricane activity (e.g., Landsea 1991) and the character
of El Nifio events (Wang 1995). All of the 25 years
fall within the long-term drought that has been afflict-
ing the western Sahel. As discussed in section 2 and in
Landsea and Gray (1992), the correlation between the
rainfall and major hurricane activity shows great sta-
bility and is about the same between the wet and dry
periods. It is quite possible, however, that the physical
mechanisms based on the correlations discussed in the
present study would be altered somewhat if data during
only the wetter decades (i.e., 1949-67) or a longer
period encompassing both wet and dry decades were
used. In comparing the 25 years of data used in the
present study to data extending back to 1949, fluctua-
tions in the El Nifio index were reasonably well sam-
pled-—in spite of the decadal-scale changes in the char-
acter of El Nifio events, the full range was represented
in the shorter record, and the standard deviation is vir-
tually the same as for the longer (44-yr) record. The
fluctuations in rainfall, however, are not well repre-
sented; the range and standard deviation of the shorter
record are less than 70% of those for the longer record.
This implies that the fluctuations in | V,| related to vari-
ability in the El Nifio index were probably well repre-
sented in the present study. The magnitude of the | V|
fluctuations associated with rainfall variability, on the
other hand, might have been underestimated. The po-
tential increase of the rainfall-associated |V,| fluctua-
tions would probably accentuate the results in the pres-
ent study that have already indicated that the rainfall-
associated | V.| fluctuations tend to be the main factor
affecting intensification in the main development re-
gion. The accessibility in the near future of reanalyses
of available atmospheric data by the NCEP (Kalnay
and Jenne 1991) back to the mid-1950s holds the prom-
ise of substantially increasing the usable length of
record.

Recent studies have identified two types of El Nifio
events associated with different phases of atmospheric
coupling likely controlling the teleconnection between
the equatorial eastern Pacific SST anomalies and Sahel
monsoonal rainfall amounts (e.g., Ward et al. 1994).
The probably nonhomogeneous physical mechanisms
for the teleconnections contained in the data for 1968—
92 would suggest a stratification of the years to better
resolve the different mechanisms. The grouping of the
25 years of data together in the present study gives an
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overall, possibly overly simplistic, picture of the rela-
tionships. Progress is underway on the application of
various stratification methodologies to the present
problem.

El Nifio—associated equatorial eastern Pacific SST
anomalies are typically largest in the spring, out of
phase with the summer Atlantic hurricane season.
Other investigators have found a delayed atmospheric
response to eastern Pacific SST anomalies. In particu-
lar, Reid et al. (1989) found a maximum correlation
between the SST variability and tropospheric temper-
atures at Curacao approximately 3.5 months later. Re-
search has begun that includes a closer examination of
lag (predictive) relationships between eastern Pacific
SSTs and both the ASO circulation anomalies and trop-
ical cyclone activity. In addition, the impact of the east-
ern Pacific SST anomalies on the Atlantic circulation
will be examined, as related to the temporal and spatial
evolution of El Nifio events. Particular attention will
be given to those features, such as vertical shear, that
impact the character of the hurricane season.
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