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Abstract

This paper describes a predictive relationship between West
African rainfall and U.S. hurricane-spawned destruction, which is
based on information for the 42-yr period 1949-90. It is shown that
above-average rainfall during the previous year along the Guif of
Guinea, in combination with above-average rainfall in the western
Sahel during June and July, is linked to hurricane-spawned destruc-
tion along the U.S. East Coast occurring after 1 August, whichis 10—
20 times greater than in years when pre-1 August precipitation for
these West African regions is below average. Similar hurricane-
spawned damage along the U.S. Gulf Coast shows only a negligible
relationship with African rainfall. Hurricane-caused deaths for both
U.S. coastal regions also show a similar association with West
African rainfall.

1. Introduction

The incidence of intense Atlantic hurricanes exhib-
its very large variations on both interseasonal and
interdecadal time frames. Table 1 lists six measures of
Atlantic seasonal tropical storm and hurricane vari-
ability extracted from data forthe last42 years (Jarvinen
et al. 1984; Neumann et al. 1987). No single measure
of tropical cyclone activity seems to adequately define
the diverse combination of factors that occur during
each hurricane season. For example, as shown in Fig.
1, intense hurricane activity was significantly greater
during the 1950s and 1960s, in comparison with the
1970s and 1980s (except for 1988 and 1989). How-
ever, little or no decadal-scale trend was observed in
the frequency of named storms in this time period (see
also Gray 1990; Landsea 1991; Landsea and Gray
1992).

Because the incidence of tropical storms and weaker
hurricanes has not varied much in recent decades, the
public has been largely unaware of the extent of the
decrease in the less-frequent intense hurricanes and
of the resulting reductions in U.S. coastal hurricane-
related destruction that has occurred since 1970.
These large multidecadal variations become clearly
evident only when analyzed in terms of the seasonal
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totals of Saffir—Simpson (see Simpson 1974; Saffir
1977) category 3—5 (see Table 2) hurricanes. Differ-
ences are most evident in the frequency of intense
landfalling hurricanes along the U.S. East Coast,
inciuding peninsular Florida, but not for landfalling
intense hurricanes along the Gulf Coast.

Year-to-year variations in Atlantic hurricane activity
are well related to seasonal variations of 1) the EI Nifio;
2) the quasi-biennial oscillation of equatorial 30-mb
and 50-mb stratospheric winds; 3) Caribbean Basin-
Gulf of Mexico sea level pressure anomaly; 4) lower-
latitude Caribbean basin 200-mb zonal wind anomaly;
and 5) the new and very important parameter of West
African rainfall (Gray 1984a,b, 1990; Landsea 1991).
The association with variations of West African rainfall
is of particular interest in relation to seasonal and
decadal variations of hurricane-spawned destruction
in the United States and in the Caribbean basin
(Landsea 1991; Gray and Landsea 1991). This paper
discusses a surprisingly strong predictive relationship
between West African rainfall occurring prior to 1
August and subsequent hurricane-spawned destruc-
tion along the East Coast occurring after 1 August
(nearly all U.S. hurricane-spawned destruction occurs
after 1 August).

2. Hurricane statistics and measures
of hurricane intensity

We have recently completed a study of the damage
due to U.S.-landfalling hurricanes, wherein damage
estimates were stratified by Saffir—Simpson hurri-
cane-intensity category. Table 2 lists a summary of
various Saffir—Simpson storm characteristics, includ-
ing typical central pressure, maximum sustained wind,
and storm-surge height, plus observed and assumed
coastal destruction values that are associated with
each of the five intensity categories. As noted by
Sheets (1990), there has been a growing acceptance
of the Saffir-Simpson scale as the best overall mea-
sure of hurricane intensity. Hurricane destruction po-
tential goes up rapidly as the Saffi—Simpson scale
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TasLe 1. Summary of Atlantic tropical cycione statistics and West African rainfall data for 1949-~90. The numbered columns show yearly
incidence of 1) named storms, 2) named stormdays, 3) hurricanes, 4) hurricane days, 5) category 3-5 hurricanes, 6) category 3~5 hurricane
days, 7) precipitation anomaly expressed as standardized deviations for the early season (prior to 1 August) rainfall, and 8) as in column
7 but for June through September western Sahel rainfall.

NS  NSD H HD H IHD ES J-S |

Year 1 2 3 4 5 6 7 8

1949 13 62 7 22 3 5.25 -0.16 -0.10
1950 13 98 11 60 8 18.75 0.57 1.49
1951 10 58 8 36 5 8.25 -0.31 0.32
1952 7 40 6 23 3 6.75 0.62 1.00
1953 14 64 6 18 4 6.75 0.73 0.55
1954 11 44 8 32 2 9.50 0.39 0.77
1955 12 82 9 47 6 17.25 1.20 1.46
1956 8 30 4 13 2 2.75 0.16 0.40
1957 8 38 3 21 2 6.50 -0.02 0.52
1958 10 56 7 30 5 9.50 0.55 1.28
1959 11 41 7 22 2 4.25 ~-0.45 0.06
1960 7 30 4 18 2 11.00 0.55 0.51
1961 11 71 8 48 7 24.50 0.94 0.77
1962 5 22 3 11 1 0.50 -0.31 0.19
1963 9 52 7 37 2 7.00 0.21 -0.09
1964 12 71 6 43 6 14.75 1.00 0.88
1965 6 40 4 27 1 7.50 -0.28 0.54
1966 11 62 7 42 3 8.75 -0.37 0.07
1967 8 58 6 36 1 5.75 0.24 0.75
1968 7 26 4 10 0 0.00 -0.36 -0.75
1969 17 84 12 40 5 6.75 0.78 0.55
1970 10 24 5 7 2 1.00 -0.30 -045
1971 13 63 6 29 1 1.00 -0.30 -0.30
1972 4 21 3 6 0 0.00 -0.64 -1.16
1973 7 33 4 10 1 0.25 . -0.61 -0.80
1974 7 32 4 14 2 4.25 -0.16 -0.23
1975 8 43 6 20 3 2.25 0.42 0.34
1976 8 45 6 26 2 1.00 -0.48 -0.56
1977 6 14 5 7 1 1.00 -0.72 —-0.91
1978 11 40 5 14 2 3.50 -0.04 -0.18
1979 8 44 5 22 2 5.75 0.06 -0.54
1980 11 60 9 38 2 7.25 -0.46 -0.68
1981 11 61 7 22 3 3.75 0.06 -0.34
1982 5 16 2 6 1 1.25 -0.54 -0.88
1983 4 14 3 4 1 0.25 -0.72 -1.31
1984 12 51 5 18 1 0.75 -0.72 -1.16
1985 11 51 7 21 3 4.00 -0.18 -0.50
1986 6 23 4 10 0 0.00 -0.56 -0.37
1987 7 37 3 5 1 0.50 -0.50 -0.76
1988 12 47 5 24 3 8.00 0.29 0.18
1989 11 66 7 32 2 10.75 0.71 0.58
1990 14 68 8 27 1 1.00 -0.31 -0.95

Means 9.9 47.0 59 288 25 5.7
St. dev. 29 200 22 183 1.8 5.5

increases from its lowest (category 1) to its highest cane-spawned destruction by each of the five Saffir—
(category 5) value. Simpson classes of landfalling hurricanes. These de-

The next-to-last column on the right of Table 2 struction estimates were derived from an empirical
shows the median of normalized (to 1990) U.S. hurri-  analysis of normalized hurricane-destruction data for
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the 42-yr period between 1949 and 1990.
Coastal-damage amounts were obtained
from the annual seasonal-hurricane
summaries published in the Monthly 18
Weather Review for 1949-90. Damage 161
was normalized to 1990 equivalent dol-
lars by accounting for inflation of con-
struction costs and coastal population
increases (Landsea 1992). A storm-by-
storm breakdown of damage was made
by normalizing the long-term damage
values to 1990 dollars using the monthly
U.S. Department of Commerce Implicit
Price Deflator for Construction (U.S.
Department of Commerce 1991) to ac-
count for inflation. A second factor for
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normalization of damage to 1990 dollars
is to account for the large increases in
population alongthe U.S. coastal zones.
Sheets (1990) noted a 60% rise in the
number of Atlantic coastal inhabitants, a
250% increase in coastal Texas, and an
enormous 400% increase in coastal
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Florida between 1950 and 1985. Obvi-
ously, adjusting for only inflation se-
verely underestimates the potential for
damage today where populations have
increased substantially.

This paper thus utilizes both the Im-
plicit Price Deflator for Construction as
well as population changes for specific
locations. Hurricane King, which struck
Miamiin 1950 and caused $28 million in
damage, provides a good example of
the normalization procedure. Since 1950,
construction costs have increased by
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470% (a factor of 5.70) and the population
along coastal southeast Florida has in-
creased by 500% (a factor of 6.00). This
combined factor of 34.2 normalizes the
damage to $957 million in 1990 dollars.

We find that destruction by landfalling
hurricanes of intensity category 4 or 5 is
typically 100 to 300 times greater than the destruction
caused by category 1 hurricanes and about 10 to 30
times greater than that due to landfalling category 2
hurricanes. Thus, we estimate incremental values of
U.S. hurricane destruction by Saffir—Simpson cat-
egory to be related approximately to the scale shown
in the right-hand column of Table 2.

The contrast between the vast damage by category
4 Hurricane Hugo in 1989 ($7.247 billion in 1990
dollars) versus the minimal damage effects due to
1989 category 1 hurricanes Chantal ($103 million) and
Jerry ($75 million) illustrates these differences quite
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Fia. 1. Annual incidence of named storms (tropical storms and hurricanes) versus
intense-hurricane days between 1949 and 1990.

well. The exponential rise in hurricane-destruction
potential indicated in Table 2 accommodates our
observation that that the wind and storm-surge de-
struction by hurricanes is more closely associated with
the third or fourth power of maximum wind speeds .
than with linear variations of the maximum wind speed.
Of course, any storm can vary significantly from this
standard, wherein destruction by individual cyclones
of a specific category may greatly differ due to varia-
tions in the character of coastal terrain or building
density along the coastline over which each hurricane
comes ashore.
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TasLe 2: Wind speed, surge, and estimated relative destruction criteria for the five categories of the Saffir—Simpson scale.

Median
Range of Maximum Typical normalized
Saffir— central pressure sustained Storm surge destructive U.S. destruction Assumed relative
Simpson {mb) wind speed (m s™') (m) potential in $ millions U.S. destruction
1 »980 3342 1.0-1.7 minimal 24 1 :
i
2 965-979 43-49 1.8-2.6 moderate 218 10
3 945-064 50-58 2.7-38 extensive 1108 50
o e o . . R i
4 920944 59-69 3.9-5.6 extreme 2274 100
5 <920 >69 »5.6 catastrophic 5933 250

The increased destruction by intense hurricanes is
primarily a result of wind and storm-surge damage
and, to a lesser extent, rainfall-spawned flood dam-
age. Hurricane flood damage does not necessarily
increase with Saffir—Simpson category, rainfall-induced
flood damage from tropical storms and hurricanes
being largely a function of the speed at which tropical
cyclones traverse an area, the large-scale structure of
the storm, and local terrain characteristics. Some of
the largest tropical cyclone-induced flood damage in
the United States has come from lesser-intensity
tropical storms and category 1 hurricanes [e.g., Tropi-
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Fia. 2. Locations of 38 rainfall stations that make up the western Sahel precipitation
index, as well as the 24 Gulf of Guinea precipitation stations. August-to-November
rainfall within the Gulf of Guinea region shows a predictive signal for western Sahel
rainfall and hurricane activity during the following season. June—July rainfall in the
western Sahel region provides a strong predictive signal for the following August-

through-October hurricane activity (see Landsea 1991).
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cal Storm Allison in 1989 ($510 million), category 1
Hurricane Agnes in 1972 ($5.928 billion), and cat-
egory 1 Hurricane Diane in 1955 ($6.741 billion)].

3. Interannual predictability of
hurricanes from African rainfall

a. Incidence of U.S.-landfalling intense hurricanes

and West African rainfall

We have recently observed that intense (category
3-5) Atlantic hurricane activity is greatly enhanced
when the western Sahel region of West
Africa (Fig. 2) has above-average pre-
cipitation. Similarly, intense-hurricane
activity is much suppressed when con-
current precipitation in this region is be-
low average (Gray 1990). Recent analy-
ses by Landsea and Gray (1992) show
very high correlations between year-to-
year variations of intense hurricane days
between 1949 and 1990 and year-to-
year variations of western Sahel rainfall.
Additional analyses (Landsea 1991)
show that West African rainfall data can
also be used in a predictive sense to
forecast variations in intense hurricane
activity and U.S. hurricane-spawned de-
struction in subsequent seasons. We
find that the rainfall that fell in the Guilf of
Guinea region (Fig. 2) between August
and November of the previous year, in
combination with the June—July precipi-
tation for the current year in the western
Sahel region (collectively known as the
“early season combination rainfall in-
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dex”), is typically a very good predictor
of intense hurricane activity during the

Early Season Rainfall Index

T

forthcoming  August—October period.
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tion rainfall index wherein rainfall during o8 |
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ous year in the Gulf of Guinea region is 0.5 g |
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combined rainfall anomaly index values, - ~0.2 ] /
which are available by 1 August each By ¢ | E
year, are compared with the seasonal ~0.5 7 l 4
incidence of category 3-5 hurricane el ' !
days in Table 1. Approximately 60% of D

1949

the subsequent seasonal variance (lin-
ear correlation of 0.78) of intense hurri-
cane days is explained (i.e., forecast) by
the combined rainfall index.

It is curious that African rainfall prior
to the first of August is so highly corre-
lated with subsequent seasonal values
of intense-hurricane activity. Gulf of
Guinea rainfall during the prior fall season is likely
related to the strength of the West African monsoon in
the following year through positive feedbacks of evapo-
transpiration and soil moisture. Conversely, as the

It is curious that African rainfall prior
to the first of August is so highly
correlated with subsequent seasonal
values of intense-hurricane activity.
Gulf of Guinea rainfall during the prior
fall season is likely related to the
strength of the West African monsoon
in the following year through positive
feedbacks of evapotranspiration

and soil moisture.

monsoon develops in June and July, western Sahel
rainfall is a good indication of how far north and how
strong the West African monsoon trough establishes
itself. The usefulness of the first two months of the
Sahel rainy season (June and July) for forecasting the
remainder of the rainy season was first indicated by
Bunting et al. (1975) when the Sahel drought was
becoming a persistent feature in the mid-1970s.
Table 3 further demonstrates the strong associa-
tion between early season West African rainfall and
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Fia. 3. Bar graph of the early-season rainfall-anomaly index, which includes the
previous year August—November rainfall from the Guif of Guinea (weighted 0.30) and
June—July western Sahel rainfall (weighted 0.70). Rainfall is expressed as standard-
ized deviations from the 42-yr average (from Landsea 1991).

intense-hurricane activity. Note that the number of
named storms (i.e., tropical storms and minor hurri-
canes) remains little changed between wet and dry
years. However, more thantentimes as many intense-
hurricane days occurred in association with the ten
wettest as compared to the ten driest early-season
rainfall values during this 42-yr period. Figure 4 shows
the differences in intense-hurricane tracks when data
are stratified according to decreasing amounts of
early-season rainfall during the corresponding pre-
season periods. Observe that the average annual
incidence ofintense-hurricane days in each-7-yr group
is progressively lower, with seasonal mean values of
12.8,9.2, 4.9, 3.9, 3.2, and 0.5 days, respectively. In
view of this association, early seasonal African rainfall
(i.e., priorto 1 August) should be closely monitored, as
it is a very good indicator (hence, forecast) of the
amount of intense-hurricane activity likely to follow
after 1 August. This is especially usefulin that, histori-
cally, over 98% of all intense-hurricane activity occurs
during the August through November period (Fig. 5),
allowing a true “forecast” to be made by 1 August from
African rainfall information.

b. West African rainfall and hurricane destruction
within two U.S. coastal areas
To normalize hurricane destruction in terms of 1990
dollars, we have utilized factors to accommodate both
inflation and increased coastal property development.
During the 42-yr period of 1949-90 there has been a
total of approximately $76.7 billion (in equivalent 1990
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TasLe 3. Comparison of the early-season (i.e., prior to 1 August) West African rainfall index for the ten driest and ten wettest seasons
during 1949-1990 versus the number of tropical storms (weaker than hurricane force), minor (category 1 or 2) hurricanes, intense (category
3-5) hurricanes, and intense-hurricane days. Early season rainfall includes Gulf of Guinea rainfall for August through November during the
previous year (weighted 0.3) and current year June—July western Sahel region rainfall (weighted 0.7).

Ten driest years
Ranking of dry year Standardized Tropical Minor Intense Intense-
deviation storms hurricanes hurricanes hurricane
of rainfall only (Cat. 1-2) (Cat. 3-5) days
1984 (extremely dry) -0.72 7 4 1 0.75
1983 -0.72 1 2 1 0.25
1977 -0.72 1 4 1 1.00
1972 -0.64 1 3 0 0.00
1973 -0.61 3 3 1 0.25
1986 -0.56 2 4 0 0.00
1982 -0.54 3 1 1 1.25
1987 -0.50 4 2 1 0.50
1976 -0.48 2 4 2 1.00
1980 (moderately dry) -0.46 2 7 2 7.25
Mean -0.64 2.6 3.4 1.0 1.23
Ten wettest years ;
Ranking of wet year Standardized Tropical Minor Intense Intense-
deviation storms hurricanes hurricanes hurricane
of rainfall only (Cat. 1-2) (Cat. 3-5) days
1955 (extremely wet) 1.20 3 3 6 17.25
1964 1.00 6 0 6 14.75
1961 0.94 3 1 7 24.50
1969 0.78 5 7 5 6.75
1953 0.73 8 2 4 6.75
1989 0.71 4 5 2 10.75
1952 0.62 1 3 3 6.75
1950 0.57 2 3 8 18.756
1958 0.55 3 2 5 9.50
1960 (moderately wet) 0.55 3 2 2 11.00
Mean 0.76 3.8 2.8 4.8 12.72
Ratio wet/dry 1.5/1 0.8/1 4.8/1 10.3/1

dollars) of U.S. hurricane- and tropical storm-spawned
destruction. Of this value, approximately 10% was
caused by a total of 61 landfalling tropical storms, 19%
by the 40 landfalling category 1 and 2 hurricanes, 44%
by 19 landfalling category 3 hurricanes, and 27% by a
total of only 6 landfalling category 4 and 5 hurri-
canes.

The eastern U.S. coastline can be approximately
separated into two regions that experience differing
landfalling hurricane responses to pre-1 August West
African rainfall: the East Coast (including the Florida
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peninsula) and the Guif Coast (including the Florida
panhandle). The two regions are depicted in Fig. 6.
Table 4 lists the percentage of 1949-90 hurricane
destruction in the East Coast and Gulf Coast areas
that occurred during each of six 7-yr groupings shown
previously in Fig. 4. Note in Table 4 that the Gulf Coast
has experienced a different distribution of hurricane
damage in relation to West African rainfall than has the
East Coast. Damage along the East Coast is in-
creased dramatically in the two wettest 7-yr groupings
in comparison to the other four drier groupings. The
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