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ABSTRACT

A surprisingly strong long-range predictive signal exists for Atlantic-basin seasonal tropical cyclone activity.
This predictive skill is related to two measures of West African rainfall in the prior year and to the phase of the
stratospheric quasi-biennial oscillation of zonal winds at 30 mb and 50 mb, extrapolated ten months into the
future, These predictors, both of which are available by | December, can be utilized to make skillful forecasts
of Atlantic tropical cyclone activity in the following June~-November season. Using jackknife methods to provide
independent testing of datasets, it is found that these parameters can be used to forecast nearly half of the
season-to-season variability for seven indices of Atlantic seasonal tropical cyclone activity as early as late November

of the previous year.

1. Introduction

The Atlantic basin (including the Atlantic Ocean,
Caribbean Sea, and Gulf of Mexico) experiences a
larger variability of seasonal hurricane activity than
does any other global hurricane basin (Gray 1985).
Table 1 summarizes statistics on the year-to-year vari-
ability of various Atlantic seasonal tropical cyclone pa-
rameters. The number of hurricanes per season in re-
cent years has ranged from 12 (1969), 11 (1950), and
9 (1955, 1980) to 2 (1982) and 3 (1957, 1962, 1972,
1983, 1987). This interannual variability suggests that
large-scale climate factors acting on seasonal and
longer-term time scales are involved and that some
degree of seasonal predictability may be possible. Until
recently, however, there has been no reliable objective
method for predicting whether a forthcoming hurricane
season was likely to be relatively active, inactive, or
near normal.

Recent research (Gray 1984a,b, 1990b) indicates
that there are seasonal hurricane predictive signals for
the Atlantic basin from global and regional predictors
that are available by 1 June (the beginning of the “of-
ficial” hurricane season) and by ! August (the begin-
ning of the most active portion of the season ). Similar
highly skillful predictive relationships are generally not
operative or are much weaker in other tropical cyclone
basins (Chan 1991; Nicholls 1984) or in the middle
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latitudes (Livezey 1990). The five predictors utilized
for these seasonal hurricane forecasts include two
slowly varying global-scale climate factors: 1) the phase
of the stratospheric quasi-biennial oscillation (QBO),
and 2) the presence or absence of a moderate-to-strong
El Nifio event, and three persistent regional-scale fac-
tors: 3) 200-mb zonal wind; 4) sea level pressure
anomalies in the Caribbean basin; and 5) the antici-
pated June-September rainfall in the western Sahel re-
gion of Africa. The importance of western Sahel rainfall
to concurrent Atlantic-basin hurricane activity has only
recently been recognized (Gray 1990a; Landsea 1991;
Landsea and Gray 1992; Landsea et al. 1992). Incor-
porating this rainfall factor into seasonal tropical cy-
clone forecasts adds an additional degree of complexity
in that it becomes necessary to correctly forecast west-
ern Sahel rainfall. However, the strength of the rainfall
association demands that an estimate of the western
Sahel rainfall be made.

Whereas the five predictors identified above are op-~
erative at the beginning of the Atlantic hurricane sea-
son, the purpose of this paper is to analyze the two
extended-range predictors of Atlantic seasonal activity
that are available 6~11 months in advance. These two
extended-range predictors are 1) the forward-extrap-
olated ( 10 months) strength of stratospheric QBO zonal
wind near 10°N latitude for September and 2) rainfall
in West Africa that occurs prior to 1 December in the
previous year. Currently, these are the only predictors
for Atlantic tropical cyclones that have been identified
to operate on such a long time scale.

This paper separately discusses each of the strato-
spheric QBO and West African-rainfall extended-range
predictors and then performs jackknife statistical anal-
yses to determine the degree of independent 6-11-
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TABLE 1. Summary of statistics for Atlantic tropical cyclones and West African rainfall for 1950-1990. The numbered columns show
yearly incidence of 1) named storms (NS), 2) named storm days (NSD), 3) hurricanes (H), 4) hurricane days (HD), 5) intense or category
3-4-5 hurricanes (IH) (Simpson 1974), 6) intense or category 3-4-5 hurricane days (IHD), 7) hurricane destruction potential (HDP), 8)
precipitation anomaly expressed as standardized deviations for previous year August-November Gulf of Guinea (Rg) and 9) August—
September precipitation in the western Sahel (Rs) of the previous year. An expanded discussion of these hurricane parameters is given in

appendix A.
NS NSD H HD H IHD HDP Rg Rg

Year 1 2 3 4 5 6 7 8 9 Year
1950 13 98 11 60 8 18.75 213 1.07 -0.14 1950
1951 10 58 8 36 5 8.25 120 —0.66 1.68 1951
1952 7 40 6 23 3 6.75 73 0.65 0.49 1952
1953 14 64 6 18 4 6.75 61 0.41 0.93 1953
1954 11 44 8 32 2 9.50 99 —0.16 0.20 1954
1955 12 82 9 47 6 17.25 171 0.64 0.60 1955
1956 8 30 4 13 2 2.75 40 0.41 1.00 1956
1957 8 38 3 21 2 6.50 71 —0.36 0.47 1957
1958 10 56 7 30 5 9.50 100 1.03 0.58 1958
1959 11 41 7 22 2 4.25 63 -0.74 1.45 1959
1960 7 30- 4 18 2 11.00 80 0.12 0.25 1960
1961 11 71 8 48 7 24.50 183 1.05 0.23 1961
1962 5 22 3 11 1 0.50 26 -0.74 0.48 1962
1963 9 52 7 37 2 7.00 111 0.73 0.28 1963
1964 12 71 6 43 6 14.75 149 1.18 -0.12 1964
1965 6 40 4 27 1 7.50 78 —0.68 0.59 1965
1966 11 62 7 42 3 8.75 126 -0.17 0.75 1966
1967 8 58 6 36 1 5.75 102 -0.14 0.34 1967
1968 7 26 4 10 0 0.00 21 —0.51 0.72 1968
1969 17 84 12 40 5 6.75 114 1.28 —-0.82 1969
1970 10 24 5 7 2 1.00 18 —0.31 0.38 1970
1971 13 63 6 29 1 1.00 65 -0.23 —0.45 1971
1972 4 21 3 6 0 0.00 14 -0.40 -0.19 1972
1973 7 33 4 10 1 0.25 24 —0.88 -1.10 1973
1974 7 32 4 14 2 425 46 0.43 -0.72 1974
1975 8 43 6 20 3 2.25 54 -0.08 -0.04 1975
1976 8 45 6 26 2 1.00 65 —0.55 0.06 1976
1977 6 14 5 7 1 1.00 18 -0.59 -0.50 1977
1978 11 40 5 14 2 3.50 40 -0.50 -0.75 1978
1979 8 44 5 22 2 5,75 73 -0.73 -0.36 1979
1980 i1 60 9 38 2 7.25 126 0.55 -0.92 1980
1981 : I 61 7 22 3 3.75 63 0.36 -0.34 1981
1982 5 16 2 6 1 1.25 18 -0.93 —0.44 1982
1983 4 14 3 4 1 0.25 8 —-0.61 -0.90 1983
1984 12 51 5 18 1 0.75 42 —-1.32 —1.24 1984
1985 i1 51 7 21 3 4.00 61 0.04 -1.23 1985
1986 6 23 4 10 0 0.00 23 0.13 -0.51 1986
1987 7 37 3 5 i 0.50 11 -0.48 —0.01 1987
1988 12 47 5 24 3 8.00 81 1.37 —-0.63 1988
1989 it 66 7 32 2 10.75 108 0.35 0.29 1989
1990 .14 68 8 27 1 1.00 57 0.19 0.10 1990

Mean 9.34 46.83 5.83 23.80 2.46 5.7t 73.56

S.D. 2.98 20.03 2.21 13.62 1.90 5.60 49.29

Coef. of Var. 0.32 0.43 0.38 0.57 0.77 0.98 0.67

month forecast skill that is available from these two
predictors.

2. QBO winds as a long-range predictor of hurricane
activity
a. QBO variability

The easterly and westerly modes of stratospheric
QBO zonal winds that circle the globe over the equa-

torial regions have a substantial influence on Atlantic
tropical cyclone activity (Gray 1984a; Shapiro 1989).
About twice as much intense-hurricane activity (Vyax
> 50 m s ') occurs during seasons when the strato-
spheric QBO winds at 50 mb (20-km level) are in the
westerly anomaly mode. As illustrated in Figs. 1 and
2, the absolute values of the zonal vertical wind shear
between 50 mb (20 km) and 30 mb (23 km) is relatively
small in west-phase seasons. Table 2 shows the asso-
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FI1G. 1. Illustration of the two basic stratospheric QBO wind con-
ditions that occur over the tropics at 50 mb and 30 mb during the
summer season of both hemispheres. The left diagram shows con-
ditions during the easterly phase of the QBO when easterly winds
occur on the equator and winds at 10°N are strongly from the east.
The right diagram, by contrast, shows conditions during the westerly
phase of the QBO when stratospheric winds on the equator are from
the*west and winds at 10°N latitude are only weakly from the east.
Hurricane activity is suppressed with conditions of the left diagram
(east phase) and enhanced for conditions of the right diagrams. Length
of arrows is proportional to wind speed.

ciations of forward-extrapolated (from November to
September) stratospheric QBO zonal winds and At-
lantic hurricane activity, particularly intense-hurricane
activity. Note the large differences in the numbers of
intense hurricane activity that occur between these two
QBO stratified 15-yr groupings. Figure 3 shows the large
differences in intense-hurricane tracks that are asso-

EAST PHASE WEST PHASE

TROP TROP
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TABLE 2. Comparison of average seasonal hurricane activity in
the 15 yr when the 10-month extrapolated sum of the September
50-mb QBO zonal wind near 10°N plus absolute values of the zonal
wind shear to 30 mb was the lowest (westerly QBO phase) versus
those 15 yr when this sam was the highest (easterly QBO phase) for
the years 1950-1990.

[USO - IUSO - U30|]

Lowest Highest Ratio

15 yr 1S yr lowest/

westerly easterly highest

phase phase values
No. of hurricanes 7.07 4.80 1.47
No. of hurricane days 32.27 16.40 1.97
No. of intense hurricanes 3.53 1.67 2.12
No. of intense-hurricane days 8.30 2.97 2.80

ciated with these contrasting extrapolated QBO zonal-
wind variations.

The physical cause of these QBO-linked differences
may be due to the contrasting stratospheric horizontal
wind ventilation processes across the top of the hur-
ricane, as illustrated in Fig. 2 and discussed by Gray
(1988). During the east phase of the QBO, the absolute

FIG. 2. Vertical cross-section illustration of the types of vertical
wind shear and cloudiness associated with Atlantic tropical cyclones
that extend through the tropopause (TROP) into the stratosphere.
Conditions in the diagrams on the right are typical of west QBO
periods, diagrams on the left of QBO easterly phase periods.

FIG. 3. Tracks of intense hurricanes during the 15 yr when the
extrapolated QBO 50-mb zonal winds and the wind shear to 30 mb
had the lowest values (top diagram) versus those 15 yr when this
sum was the largest (bottom diagram) of the 41-yr period of 1950-
1990.
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F1G. 4. Composite climatology of 30-mb and 50-mb relative zonal
wind at Balboa (latitude 9° N) as determined from 1950 to 1987.

value of the stratospheric QBO winds at latitudes of
10°-15°N are strongly from the east. This condition
causes net advection of hurricane structural elements
that extend into the lower stratosphere away from the
hurricane center. This relative advection is likely to act
to restrain the stratospheric contribution to hurricane
development and intensification. By contrast, during
the west phase of the QBO, the absolute value of the
zonal wind in the stratosphere (over hurricanes) at
10°~15°N is weak. In this case, comparatively small
horizontal wind ventilation may occur in the lower
stratosphere (Fig. 2). This west-phase condition is a
positive influence on the inner-core intensity of de-
veloping hurricanes. In this way the QBO west phase
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is a positive cyclone influence, and the east phase a
negative influence. Additionally, it is possible that the
QBO exerts other dynamical influences upon the large-
scale environment within which the hurricanes form.
These involve hydrostatic height and temperature field
differences associated with east and west phases of the
QBO. Recent work (e.g., Gray et al. 1992a,b) shows
support for these ideas; however, continued research
into the QBO-tropical cyclone association is needed.

b. Methodology for forward extrapolation of QBO

The stratosphere QBO is special in that it may be
the only atmospheric phenomena that can be extrap-
olated accurately ten months into the future. Although
the QBO cycle is the most predictable of all long-term
wind variations, it is still observed to have a 20%-30%
variability in both period and amplitude. This vari-
ability inevitably leads to inaccuracies in 10-month
forward extrapolations of the cycle. Two sources of
error are possible in estimating the future trends in the
QBO. For the purposes at hand, these include: 1) the
proper location of the November QBO wind in relation
to the current QBO wind cycle and 2) the possible
departure of the (future) ten-month QBO trend from
the changes expected based on the long-term clima-
tology of 17 QBO cycles since 1950. These potential
errors are recognized, and may not be too restrictive.
We find that typically, skillful estimates of the future
magnitude of the QBO zonal wind can be made ten
months in advance.

Figure 4 shows the climatology of the Balboa, Canal
Zone, (9°N) stratospheric QBO zonal-wind variability
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FiG. 5. Example of how the QBO relative zonal wind would be
extrapolated from November-September from the climatology once
the proper positioning of November wind has been made. Once the
position of the November wind (in this case +4 m s~') within the
relative cycle was determined, a climatologically specified ten-month
extrapolation to September of the next year can be made.
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(relative to the annual cycle) that occurs at 50 mb
(~20-km altitude) and at 30 mb (~23 km). These
curves were constructed by averaging the periods and
magnitude of each QBO relative wind shift at Balboa
for the 38 years of 1950-1987. This figure can be used
to specify the location (phase) of the current (i.e., No-
vember) QBO wind in relation to the full cycle. Date
positioning within the QBO cycle can usually be well
estimated in relation to the date of the last zero crossing
(i.e., west-to-east or east-to-west phase transition).
Westerly and easterly periods at 30 mb typically last
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about 14.5 and 13.5 months, respectively, with a bias
to longer westerly and shorter easterly periods at
50 mb.

The position of the November 30-mb and 50-mb
zonal wind in relation to the phase of the QBO cycle
is estimated by noting the number of months since the
last reversal of sign. If, in November, 30-mb winds had
switched from easterly to westerly anomalies nine
months previously, then we would judge from clima-
tology that the next westerly-to-easterly transition
would occur.six months later (by the next June). We

TABLE 3. Listing of months into westerly or easterly phase of each November period between 1950 and 1990
with next September year of application.

50 mb (20 km) 30 mb (23 km)
Year of Months Months Year of Year of Month Month Year of
November since first since first September November since first since first September
determination westerly easterly application determination westerly easterly application

1949* ) 6 - 1950 1949* 8 — 1950
1950 3 — 1951 1950 4 - 1951
1951 : 16 - 1952 1951 3 - 1952
1952 10 - 1953 1952 5 —- 1953
1953 12 : - 1954 1953 ‘ 1 - 1954
1954 9 - 1955 1954 1 - 1955
1955 9 - 1956 1955 13 - 1956
1956 7 - 1957 1956 8 - 1957
1957 6 - 1958 1957 8 - 1958
1958 4 - 1959 1958 7 — 1959
1959 4 - 1960 1959 6 - 1960
1960 6 - 1961 1960 8 — 1961
1961 6 - 1962 1961 11 — 1962
1962 ’ 2 - 1963 1962 8 — 1963
1963 3 - 1964 1963 5 — 1964
1964 15 - 1965 1964 16 —- 1965
1965 4 - 1966 1965 12 — 1966
1966 5 - 1967 1966 7. — 1967
1967 7 - 1968 1967 5 — 1968
1968 9 - 1969 1968 16 — 1969
1969 6 - 1970 1969 ) 9 — 1970
1970 6 - 1971 1970 11 - 1971
1971 5 - 1972 1971 10 - 1972
1972 5 - 1973 1972 7 — 1973
1973 7 - 1974 1973 11 — 1974
1974 5 - 1975 1974 11 —- 1975
1975 4 - 1976 1975 6 - 1976
1976 1 - 1977 1976 4 - 1977
1977 13 -~ 1978 1977 3 - 1978
1978 9 - 1979 1978 0 - 1979
1979 5 ~ 1980 1979 10 — 1980
1980 5 -~ 1981 1980 9 ) — 1981
1981 1 — 1982 1981 7 — 1982
1982 1 - 1983 1982 4 — 1983
1983 14 ~ 1984 1983 5 — 1984
1984 7 — 1985 1984 16 — 1985
1985 6 - 1986 1985 12 — 1986
1986 1 — 1987 1986 6 — 1987
1987 2 — 1988 1987 4 —- 1988
1988 14 — 1989 1988 16 - 1989
1989 - 6 — 1990 1989 10 - 1990

— 1991 1990 9 - 1991

1990 ' 6

* Data for 1949 was obtained by backward extrapolation.
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would expect that by the following September the QBO
would be three months into a new easterly phase of
the QBO cycle. Figure 5 shows how this extrapolation
would be made. Table 3 lists the duration in months
of the westerly and easterly phases of the QBO at 50
mb and 30 mb prior to each November between 1950
and 1990.

Separate extrapolations are made for the 30-mb and
50-mb levels. Once these 10-month (or current No-
vember to next September ) extrapolations of the QBO
winds are made, corrections for the annual wind cycle
at 10°N latitude are made for each level, and estimated
values for the absolute zonal winds are obtained. We
find that this simple quantitative extrapolation gives
accurate and reproducible estimates of September QBO
winds for the following year. This ten-month extrap-
olation is quite easy to apply, requiring only the number
of months since the previous QBO phase transition,
west to east, or vice versa. The expected climatologically
specified ten-month extrapolated winds for the follow-
ing September can then be read from Table 4.

The November QBO wind can alsc be used as an
aid to adjust for longer-than-average QBO periods. For
instance, the 30-mb QBO westerly wind mode is some-
times observed to persist for periods as long as 18
months. If November zonal winds are still westerly
after 16 or 17 months or are still strongly westerly after
14 or 15 months, then this westerly cycle can be judged
to be longer than normal. In this case, a 2-3-month
backward time correction is appropriate for the No-
vember positioning within the westerly cycle. Note in
Table 4 that provision is made to account for such
extended period occurrences.

Values of 10-month climatologically extrapolated
30-mb and 50-mb September zonal winds for the pe-
riod of 1950-1990 are given in Table 5; values for ob-
served winds are shown in the second column. The
actual winds minus the extrapolated winds, or the ex-
trapolation error, are given in the last column, The
mean of the error for these extrapolated winds is only
about 40% as large as the mean error for the September
wind estimates based only on the September clima-
tological wind. Hence, we can definitely make im-
proved estimates relative to mean conditions using this
10-month extrapolation procedure.

3. African rainfall as a long-range predictor of
hurricane activity

a. Western Sahel rainfall

The Sahel is the transition zone between the Sahara
Desert to the north and the rainforest region of the
Guinea Coast. During the last few decades much of
the Sahel has experienced large year-to-year persistent
rainfall anomalies (Nicholson 1979). In general, wet
years were followed by wet years (e.g., in the 1950s
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TABLE 4. September forecast QBO wind at 10°N latitude from
previous November as a function of the number of months to No-
vember that change to westerly (left side) or easterly (right side) relative
wind has occurred.

50 mb (20 km)

Months since 10-month Months since 10-month
change to September change to September
westerly of forecast easterly of forecast

November wind (ms™) November wind (ms™)
0 -1 0 -22
1 -2 1 =21
2 -3 2 -17
3 —4 3 —14
4 —6 4 -9
5 -8 5 -5
6 -12 6 -3
7 —14 7 -2
8 -17 8 -1
9 -19 9 0

10 -20 10 0
11 =22 11 —1
12 -23 12 -1
13 -23 13 -2
14 -23 14 -2
15 -23 15 -3
16 =23 16 —4
17 =23 17 -6
18 -23
30 mb (23 km)
0 -3 0 -32
1 —4 1 -32
2 -5 2 -30
3 -9 3 -26
4 -13 4 -24
5 -18 5 -14
6 =21 6 -9
7 =25 7 -5
8 -28 8 -3
9 =30 9 -1
10 -31 10 -1
11 -32 It -2
12 -32 12 =2
13 ~-32 13 -3
14 -32 14 =5
15 -32 15 -7
16 -32 16 -9
17 -32 17 —11
18 -32

and 1960s), while dry years often follow dry years (e.g.,
in the 1970s and 1980s). This persistence provides a
moderate amount of skill for the forecasting of Atlantic
hurricane activity because of the strong concurrent as-
sociation of western Sahel rain to Atlantic basin hur-
ricanes (Gray 1990a; Landsea 1991; Landsea and Gray
1992; Landsea et al. 1992).

Utilizing data from 38 western Sahel rainfall stations
(Fig. 6) that are described in Landsea and Gray (1992),
a standardized index of western Sahel rainfall has been
constructed during the two wettest months of August
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TABLE 5. Comparison of November-September ten-month extrapolated (forecast) QBO zonal winds versus actual (observed) September
winds. Positive forecast errors indicate an overestimation of the zonal winds; negative, an underestimate. (Values in m s™").

50 mb (20 km) 30 mb (23 km)
Forecast Observed Forecast Observed
September September Forecast September September Forecast
Year wind wind error wind wind error
1950 -3 -3 0 -3 -2 -1
1951 —4 -8 4 -13 -19 6
1952 =23 -19 —4 ~26 -8 -18
1953 0 -5 5 -18 -13 =5
1954 =23 =23 0 -32 ~25 -7
1955 0 0 0 -4 -4 0
1956 -19 -18 ~1 -33 -29 —4
1957 -2 -2 0 -3 -10 7
1958 -12 —14 2 —28 -30 2
1959 -9 0 -9 =5 1 -6
1960 —6 -15 9 =21 -26 5
1961 -3 -2 -1 -3 -4 1
1962 -12 -10 -2 -32 -27 -5
1963 -17 -8 -9 -3 -8 5
1964 —4 i -5 —18 —11 -7
1965 -23 -16 -7 -32 -31 -1
1966 -9 —4 -5 -2 -2 0
1967 -8 -6 -2 -25 -17 -8
1968 ~-23 —20 -3 —14 -31 17
1969 0 -3 3 -9 -6 -3
1970 -12 -21 9 -30 -31 1
1971 -3 -3 0 -2 -10 8
1972 -8 -19 11 -31 —28 -3
1973 -5 -4 -1 -5 -10 5
1974 ~14 —18 4 -32 -31 -1
1975 -5 -5 0 -2 -3 1
1976 —6 -7 1 =21 ° —21 0
1977 ~21 =23 2 —24 -11 -13
1978 -2 -1 —1 -9 -12 3
1979 ~19 -17 -2 =31 -29 -2
1980 -5 -2 -3 -1 -2 1
1981 —8 -8 0 -30 -26 —~4
1982 -21 —15 -6 -5 -1 —4
1983 -2 —6 4 -13 -23 10
1984 =23 -26 3 —14 -32 18
1985 -2 1 -3 -9 -3 -6
1986 —-12 —8 —4 -32 =23 -9
1987 -21 —14 -7 -9 3 -12
1988 -3 —4 1 -13 —-17 4
1989 -23 —18 =5 -32 -29 -3
1990 -3 -6 2 -1 —6 5

and September. This index is made of the average of
the standardized deviation of each station. Note how
most of the years of the 1950s and 1960s were wet,
while those of the 1970s and 1980s were dry. Yearly
values of this index are shown in Fig. 7 and listed in
Table 1.

Figure 7 shows the strong multidecadal rainfall vari-
ations that have affected the western Sahel since the
late 1960s. Such multidecadal controls on West African
rainfall are likely linked to long-term (interdecadal)
sea surface temperature anomaly patterns around the
globe (Folland et al. 1986). It is also possible that the
persistence of low rainfall (especially during the

drought-stricken 1970s and 1980s) has contributed to
natural changes of the land surface (Nicholson 1988)
and to related anthropogenic alterations in the land
surface, such as overgrazing and deforestation (Charney
1975). Either of these effects may contribute to alter-
ations of the West African monsoonal circulation, and,
hence, of the embedded squall lines, as a result of dif-
ferences in surface moisture availability and land-sur-
face temperature.

Table 6 gives statistical information on the hurricane
activity during seasons one year after each of the ten
wettest and each of the ten driest western Sahel August
and September periods between 1949 and 1989. Note






