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ABSTRACT

An updated statistical scheme for forecasting seasonal tropical cyclone activity in the Atlantic basin by 1
December of the previous year is presented. Previous research by Gray and colleagues at Colorado State
University showed that a statistical forecast issued on 1 December of the previous year could explain up to
about 50% of the jackknife hindcast variance for the 1950—90 time period. Predictors utilized in the original
forecast scheme included a forward extrapolation of the quasi-biennia oscillation (QBO) and two measures of
West African rainfall. This forecast has been issued since 1991 but has shown little skill because of the as yet
unexplained failure of the West African rainfall predictors during the 1990s.

The updated scheme presented in this paper does not utilize West African rainfall predictors. It employs the
new NCEP-NCAR reanalysis data and involves predictors that span the globe. Much experimentation has led
to the choosing of conditions associated with the El Nifio-Southern Oscillation (ENSO), the Arctic Oscillation
(AO), the North Atlantic Oscillation (NAO), the Pacific-North American pattern (PNA), and the QBO. This
new statistical scheme shows similar cross-validated (jackknifed) hindcast skill to the original scheme (explaining
up to about 50% of the variance) but is developed over a decade longer time period (1950—2001). In addition,
since al predictors are taken directly from the NCEP-NCAR reanalysis, one does not need to consider rainfall
collection issues that have caused major problems with the West African rainfall data since 1995. Hypothetical
physical linkages between the predictors and the following year’s hurricane activity are also presented. Based
on the net tropical cyclone (NTC) activity prediction and a weighted average of North Atlantic sea surface
temperatures, forecasts of U.S. hurricane landfall probability that showed considerable hindcast skill over the
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52-yr period of 1950-2001 can also be issued.

1. Introduction

The Atlantic basin (the Atlantic Ocean north of the
equator, the Caribbean Sea, and the Gulf of Mexico)
has more year-to-year variability in tropical cyclone
(TC) activity than any other hurricane region. For ex-
ample, there were 12 hurricanes in 1969 and 11 hur-
ricanes in 1995, but only 2 hurricanes formed in 1982.
Intense hurricanes (category 3—4-5 on the Saffir—-Simp-
son scale) also vary considerably from year to year.
Seven intense hurricanes developed in 1950, whereas
no intense hurricanesformed in 1962, 1968, 1972, 1986,
and 1994. These examples illustrate the considerable
differences in Atlantic hurricane activity that occur on
a year-to-year basis.

Gray (1984ab) was the first to propose that large-
scale features could be used to predict Atlantic basin
seasonal hurricane activity. The original predictors in-
volved the state of two global modes: EI Nifio—Southern
Oscillation (ENSO) and the quasi-biennial oscillation
(QBO). In addition, regional Caribbean Basin sealevel
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pressure anomalies were included in the original
scheme. Cool ENSO conditions, west-phase QBO con-
ditions, and low sea level pressures in the Caribbean
Basin were all associated with increased Atlantic basin
tropical cyclone activity. Forecasts for the current year’s
hurricane season were issued in early June and early
August between 1984 and 1991.

Extended-range seasonal forecasts were issued be-
ginning in 1992 with the development of a long-range
statistical forecast of Atlantic basin seasonal hurricane
activity. Gray et al. (1992a) found that cross-validated
hindcast skill explaining approximately 50% of the var-
iance in Atlantic basin tropical cyclone activity could
be obtained based on the 1950-90 time period. This
first-ever 1 December forecast utilized predictors in-
volving West African rainfall and the QBO. They ex-
trapolated the QBO 10 monthsinto the future to estimate
the wind strength at 30 mb, 50 mb, and the shear be-
tween these levelsfor the following September. Rainfall
in the western Sahel during August—September of the
previous year and rainfall in the Gulf of Guinea during
August—-November of the previous year was utilized as
African rainfall predictors.

Years that were in the west phase of the QBO were
found to have many more intense hurricanes. Gray et
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TaBLE 1. Early-Dec forecast and observed values of hurricane days and hurricane destruction potential for 1992—2002.
The average difference between forecast and observed values was taken without respect to sign.

Forecast Observed
Forecast Observed hurricane hurricane
hurricane hurricane destruction destruction
Year days days Difference potential potential Difference
1992 15 16 -1 35 51 —16
1993 25 10 15 75 23 52
1994 25 7 18 85 15 70
1995 35 62 —-27 100 173 -73
1996 20 45 -25 50 135 -85
1997 25 10 15 75 26 49
1998 20 49 -29 50 145 —-95
1999 40 43 -3 130 145 -15
2000 25 32 -7 85 85 0
2001 20 27 -7 65 71 -6
2002 35 11 24 90 31 59
Average difference |15.5| |47.3]
R2 0.07 0.03
Jackknife hindcast
R? (1950-90) 0.51 0.53

al. (1992a) hypothesized that lower-stratospheric wind
ventilation was reduced during west-phase years. In ad-
dition, the west phase of the QBO has been shown to
enhance off-equatorial convection, while equatorial
convection is favored in east QBO years (Gray et al.
1992b; Knaff 1993). Since hurricanes do not form with-
in 5° of the equator, off-equatorial convection is more
favorable for African easterly waves developing into
tropical cyclones. The West African rainfall—tropical cy-
clone relationship was largely based on persistence. Wet
years in the Sahel are usually followed by wet years
and vice versa. Landsea and Gray (1992) hypothesized
that enhanced rainfall in West Africa during the prior
year contributed to a strong monsoon the following year
through feedbacks from both soil moisture and evapo-
transpiration. Increased West African rainfall during a
particular year indicates that the 200-mb tropical east-
erly jetislikely stronger than normal and that the east-
erly waves moving off the coast of Africa are more
likely to be stronger than normal.

Additional predictors were added to the early Decem-
ber statistical forecast scheme since the original meth-
odology was established. These included the strength of
the Azores ridge and several measures of ENSO (Gray
et al. 2000). Strong high pressure near the Azores en-
hances trade winds and consequently increases upwell-
ing over the tropical Atlantic. Cooler sea surface tem-
peratures are often associated with higher pressure the
following spring, which provides a self-enhancing feed-
back that keeps the trade winds stronger the following
spring and summer. Stronger trades are associated with
increased vertical wind shear, providing less favorable
conditions for development.

Warm ENSO conditions have been well documented
to shift the center of convection in the Pacific eastward
and consequently alter the Walker circulation. Outflow
from this altered Walker circulation manifests itself in

westerly anomalies at upper levels in the western trop-
ical Atlantic. Westerly anomalies enhance tropospheric
vertical wind shear in the tropical Atlantic (Gray 1984a;
Goldenberg and Shapiro 1996) and consequently inhibit
development of intense low-latitude Atlantic basin hur-
ricane activity. These additional predictors added to the
hindcast variance explained, but the addition of these
predictors did not add skill to the real-time forecasts
issued during the 1990s. The recent decade failure of
this earlier statistical forecast is largely attributed to the
failure of the African rainfall and Atlantic hurricane
relationship. Although tropical cyclone activity has in-
creased dramatically since 1994, West Africa has con-
tinued to report drought conditions typical of inactive
hurricane seasons. At this point, we are not sure if this
is areal meteorological change or an artifact of station
measurement quality and other factors. Table 1 displays
the early-December forecast of hurricane days and hur-
ricane destruction potential (HDP) for 1992—-2002 com-
pared to what was observed. Although jackknife hind-
cast skill for 1950—90 suggested that about 50% of the
variance could be explained in real-time forecasts, only
3%—7% of the variance has been explained for hurricane
days and HDP since the implementation of this scheme
in December 1991. This has been the primary moti-
vation for the research presented in this paper.

The recently completed National Centers for Envi-
ronmental Prediction—National Center for Atmospheric
Research (NCEP-NCAR) reanalysis (Kanay et al.
1996) provides a wealth of global data for analyzing
possible predictors for forecasting Atlantic basin trop-
ical cyclones. Reanalysis data provide daily and month-
ly data worldwide for many variables, including geo-
potential height, zonal wind, and sea level pressure. An
initial inspection of these reanalysisfieldsindicated that
similar hindcast skill to the original forecast method-
ology could be obtained with a longer 52-yr dataset
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TaBLE 2. Climatological summary of seasonal tropical cyclone activity from 1950 to 2002. The largest values for any tropical cyclone
parameter are shown in boldfaced print, and the smallest values are in italic. The acronyms of the head of each column are defined in the

appendix.

Year NS NSD H HD IH IHD HDP NTC TONS TOH
1950 13 98.00 11 60.00 7 15.50 200 230 8 8
1951 10 58.00 8 36.00 2 5.00 113 115 6 4
1952 7 40.00 6 23.00 3 4.00 70 93 6 6
1953 14 65.00 6 18.00 3 5.50 50 116 6 6
1954 11 52.00 8 32.00 2 8.50 91 124 6 5
1955 12 83.00 9 47.00 5 13.75 158 188 11 9
1956 8 30.00 4 13.00 2 2.25 39 66 5 3
1957 8 38.00 3 21.00 2 5.25 67 82 3 2
1958 10 56.00 7 30.00 4 8.25 9% 133 9 7
1959 11 40.00 7 22.00 2 3.75 60 94 2 1
1960 7 30.00 4 18.00 2 9.50 72 92 3 2
1961 11 71.00 8 48.00 6 20.75 170 211 8 7
1962 5 22.00 3 11.00 0 0.00 26 32 1 0
1963 9 52.00 7 37.00 2 5.50 103 111 7 5
1964 12 71.00 6 43.00 5 9.75 139 160 8 5
1965 6 40.00 4 27.00 1 6.25 73 82 4 1
1966 11 64.00 7 42.00 3 7.00 121 134 5 2
1967 8 58.00 6 36.00 1 3.25 98 93 5 2
1968 7 27.00 4 10.00 0 0.00 18 39 2 1
1969 17 83.00 12 40.00 3 2.75 110 150 6 5
1970 10 23.00 5 7.00 2 1.00 18 62 4 1
1971 13 63.00 6 29.00 1 1.00 65 91 6 2
1972 4 21.00 3 6.00 0 0.00 14 27 0 0
1973 7 33.00 4 10.00 1 0.25 21 50 4 1
1974 7 32.00 4 14.00 2 4.25 46 72 5 3
1975 8 43.00 6 21.00 3 2.25 53 89 4 4
1976 8 45.00 6 26.00 2 1.00 65 82 2 1
1977 6 14.00 5 7.00 1 1.00 19 45 0 0
1978 11 41.00 5 14.00 2 3.50 40 83 4 2
1979 8 44.00 5 22.00 2 5.75 73 92 5 2
1980 1 60.00 9 38.00 2 7.25 126 129 5 4
1981 11 60.00 7 23.00 3 3.75 63 109 5 4
1982 5 16.00 2 6.00 1 1.25 18 35 1 0
1983 4 14.00 3 4.00 1 0.25 8 31 1 0
1984 12 51.00 5 18.00 1 0.75 42 74 3 0
1985 11 51.00 7 21.00 3 4.00 61 106 4 4
1986 6 23.00 4 11.00 0 0.00 25 37 1 0
1987 7 37.00 3 5.00 1 0.50 13 46 4 1
1988 12 47.00 5 21.00 3 9.25 81 118 7 4
1989 11 66.00 7 32.00 2 9.75 108 130 8 5
1990 14 66.00 8 27.00 1 1.00 57 98 8 3
1991 8 22.00 4 8.00 2 1.25 22 57 2 0
1992 6 39.00 4 16.00 1 3.25 51 64 1 0
1993 8 30.00 4 10.00 1 0.75 23 52 4 1
1994 7 28.00 3 7.00 0 0.00 15 35 3 1
1995 19 121.00 11 62.00 5 11.50 172 222 15 9
1996 13 78.00 9 45.00 6 13.00 136 192 11 8
1997 7 28.00 3 10.00 1 2.00 25 51 2 1
1998 14 80.00 10 49.00 3 9.25 145 166 7 5
1989 12 77.00 8 43.00 5 15.00 145 185 9 7
2000 14 77.00 8 32.00 3 5.25 85 134 9 6
2001 15 63.00 9 27.00 4 5.00 71 137 6 4
2002 12 54.00 4 11.00 2 2.50 31 80 3 2
Mean 9.7 49.40 6.0 24.70 23 5.00 72.8 100.9 5.0 3.2
Median 10.0 46.00 6.0 22.00 2.0 3.90 65.0 92.6 5.0 25
Std dev 33 23.00 24 14.90 17 4.80 48.6 52.2 31 2.6

(1950-2001). In addition, the model utilized to compute
the reanalysis data was frozen at the time of the cal-
culations, and therefore so-called climate shifts that are
observed to occur when modelsincorporate new physics
are not a factor in the reanalysis.

The focus of this paper now turns to improving the
early-December statistical forecast for the following
year's tropical cyclone activity in the Atlantic. Section
2 looks at the climatology of atypical hurricane season
from 1950—2002, and section 3 elucidates the meth-
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FiG. 1. Net tropical cyclone activity in the Atlantic basin by month
(1950-2000).

odology used to develop the updated seasonal forecast.
The results of the updated prediction scheme are dis-
cussed in section 4, and physical linkages between the
predictors and tropical cyclone activity are explained in
section 5. Statistical significance is assessed in section
6, and a U.S. landfall probability forecast is outlined in
section 7. Conclusions and future work are presented
in section 8.

2. Seasonal climatology

The Atlantic basin tropical cyclone season officially
runs from 1 June to 30 November, and during this time
an average of 9.6 named storms, 5.9 hurricanes, and 2.3
intense hurricanes occur, based on a 1950-2000 cli-
matology. Although the Atlantic hurricane season lasts
for 6 months, 95% of all intense tropical cyclones occur
between August and October (Landsea 1993). Table 2
displays seasonal tropical cyclone statistics from 1950—
2002 according to the Atlantic * best track’ dataset from
the National Hurricane Center. Definitions of the ac-
ronyms used in the table are listed in the appendix. A
parameter that will be frequently used throughout the
rest of this paper is net tropical cyclone (NTC) activity.
NTC is an aggregate measure of the following six pa-
rameters normalized by their climatological averages:
named storms (NS), named storm days (NSD), hurri-
canes (H), hurricane days (HD), intense hurricanes (1H),
and intense hurricane days (IHD). Average annual NTC
is 100 by definition. Intense hurricanes prior to 1970
were required to have reached an intensity of 105 kt
(versus 100 kt after 1970) due to the overestimation bias
discussed in Landsea (1993). Figure 1 displaysthe NTC
activity by month. September is the most active month
of an average season followed by August and then Oc-
tober.

Tropical-only named storms (TONS) and tropical-
only hurricanes (TOH) are listed in the final two col-
umns of Table 2. Classification of hurricanes astropical-
only hurricanes was discussed in extensive detail in Hess

WEATHER AND FORECASTING

VoLuME 19

TaBLE 3. U.S. landfalling storms by category from 1950 to 2002.
Thelargest values for number of landfalling named storms hurricanes,
and intense hurricanes are in boldfaced print.

Z
n

H
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Year

1950
1951
1952
1953
1954
1955
1956
1957
1958
1959
1960
1961
1962
1963
1964
1965
1966
1967
1968
1969
1970
1971
1972
1973
1974
1975
1976
1977
1978
1979
1980
1981
1982
1983
1984
1985
1986
1987
1988
1989
1990
1991
1992
1993
1994
1995
1996
1997
1998
1999
2000
2001
2002

Mean 3.2 1.6 0.6
Median 3.0 1.0 0.0
Std dev 2.0 15 0.8

NWNUONPFRPWORARNWRRPWWNNONWRWONONRENRRPRPWUIOWWANNWOOROWOAONRUONUOOONNEW
POOWWRNWORNFROWRENNPRPPRPOORPRPMNORPRRPREPPONWEPNREPENNARPRORPRAWORRPWUIUOWREROW

et al. (1995) and Elsner et a. (1996). In general, tropical -
only hurricanes develop south of 25°N and originate
from Africa-spawned easterly waves. Tropical-only
named storms have a similar definition, and their clas-
sification is detailed in Blake (2002). Storms that de-
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TABLE 4. Cross correlations between tropical cyclone parameters.
NS NSD H HD IH IHD HDP NTC TONS TOH

NS — 0.87 0.82 0.70 0.63 0.48 0.64 0.78 0.79 0.68
NSD 0.87 — 0.88 0.91 0.75 0.69 0.87 0.92 0.88 0.83
H 0.82 0.88 — 0.87 0.71 0.61 0.83 0.87 0.77 0.79
HD 0.70 0.91 0.87 — 0.77 0.80 0.98 0.94 0.81 0.81
IH 0.63 0.75 0.71 0.77 — 0.85 0.82 0.91 0.74 0.86
IHD 0.48 0.69 0.61 0.80 0.85 — 0.88 0.89 0.72 0.80
HDP 0.64 0.87 0.83 0.98 0.82 0.88 — 0.96 0.80 0.83
NTC 0.78 0.92 0.87 0.94 0.91 0.89 0.96 — 0.87 0.90
TONS 0.79 0.88 0.77 0.81 0.74 0.72 0.80 0.87 — 0.90
TOH 0.68 0.83 0.79 0.81 0.86 0.80 0.83 0.90 0.90 —
Average cross

correlation 0.71 0.84 0.79 0.86 0.80 0.78 0.87 0.91 0.81 0.84

veloped into tropical storms from easterly waves but
had help from baroclinic influences (i.e., front, cold low)
to develop into hurricanes would be classified as a
TONS but not a TOH. As was found in Hess et al.
(1995), it is generally easier to make seasonal forecasts
of tropical cyclones that developed from tropical-only
origins than to make seasonal forecasts of high-latitude
tropical cyclones.

Landfalling tropical cyclonesaong the U.S. coastline
are a common occurrence, with at least one cyclone of
tropical storm intensity making landfall in every year
since 1950 except 1962. Twenty-four category 1-2 hur-
ricanes and 16 intense (category 3—4-5) hurricaneshave
also made landfall between 1950 and 2002. Table 3 lists
the number of landfalling storms by intensity for 1950—
2002. Please note that if a storm made landfall at two
distinct locations, for example Hurricane Andrew
(southeast Florida and south-central Louisiana), it was
counted as two storms. Two or more intense hurricanes

making landfall during any particular year occurs quite
infrequently, only happening seven times in the past 53
yr.
Relationships between individual tropical cyclone pa-
rameters are shown in a cross-correlation matrix (Table
4). Although there are strong interrelationships between
most hurricane parameters, some do not cross correlate
as strongly. For example, a perfect knowledge of the
number of named storms explains less than 25% of the
variance in intense hurricane days. Therefore, it is not
surprising that a different group of predictorsis used to
forecast these two tropical cyclone parameters.

3. Methodology

The early-December statistical forecast scheme at-
tempts to maximize the hindcast skill in forecasting
tropical cyclone activity based on the time period
1950—2001. Hindcasting involves selecting predictors

NCEP/NCAR Recnaclysis

Nov 1950 to 2000: Surface Sea Level Pressure
Seasonal Correlation w/ Nov Seasonal NTC (index lags by 12 months)

Fic. 2. Correlation map between seasonal NTC and the previous year's Nov sea level
pressure. Areas shaded in gray correlated at (r > [0.3]).
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TaBLE 5. Predictors used in the early-Dec forecast. The sign of the
predictor associated with increased tropical cyclone activity the next
year is in parentheses.

Predictor name Location

1) Nov 500-mb geopotential height in
the far North Atlantic (+)

2) Oct—Nov SLP in the Gulf of
Alaska (—)

3) Sep 500-mb geopotentia height in
western North America (+)

4) Jul 50-mb Equatorial zonal
wind (—)

5) Sep—Nov SLP in the Gulf of Mexi-
co—Southeastern U.S. (—)

6) Nov SLP in the tropical northeast
Pacific (+)

(67.5°-85°N, 10°E-50°W)
(45°-65°N, 120°-160°W)
(35°-55°N, 100°—120°W)
(5°S-5°N, all longitudes)
(15°=35°N, 75°-95°W)

(7.5°=22.5°N, 125°—
175°W)

that were useful in forecasting tropical cyclone activity
during the period being hindcast. The forecast model
operates on the premise that predictors that hindcast
tropical cyclone activity accurately in the past will also
be useful for forecasting tropical cyclone activity in the
future. The process of obtaining predictors began by
seeing what the September—November period looked
like in the year prior to an active or inactive year. As
mentioned previously, NCEP-NCAR reandysis data
was used as the primary dataset, and composites
were constructed using the Climate Diagnostic
Center’'s ‘*Monthly/Seasonal Climate Composites”
Web page (http://www.cdc.noaa.gov/cgi-bin/Composites/
printpage.pl). September, October, and November
were composited individually and grouped together to
see what atmospheric and oceanic features prevailed in
theyears prior to the 10 most active and 10 most inactive
years. NTC was the tropical cyclone parameter utilized
to classify years.

Several features that became evident from the com-
posite maps were anomalously high heights in northern
latitudes, indicating a negative Arctic Oscillation (AO)
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(Thompson and Wallace 1998) and North Atlantic Os-
cillation (NAO) (van Loon and Rogers 1978) and a
midlatitude wave train pattern closely resembling a pos-
itive and dlightly eastward-shifted Pacific-North Amer-
ican pattern (PNA) (Wallace and Gutzler 1981). A pos-
itive PNA is a typical wintertime midlatitude telecon-
nection associated with warm ENSO conditions (Horel
and Wallace 1981), and the eastward shift of the PNA
is likely due to an eastward shift of sea surface tem-
perature anomalies from the central to the east Pacific.
A wave train propagates poleward and eastward from
an area of thermal forcing (Hoskins and Karoly 1981),
and therefore, if the warmest temperature anomalies
were located in the eastern Pecific, the Pacific North
American pattern would also be shifted eastward. In
general, warm temperatures in the east Pacific are more
unstable than in the central Pacific and are therefore
more likely to shift back to neutral or cool conditions
the following year.

The primary tool used in selecting predictors was the
Climate Diagnostic Center's*‘Linear Correlations” Web
page (http://www.cdc.noaa.gov/Correlation) which al-
lowed for testing correlations between global datafields
and TC activity time series created by the user, such as
NTC. Correlations between atmospheric data fields and
Atlantic basin tropical cyclone activity indiceswere cal-
culated. Figure 2 shows the correlation between the fol -
lowing year's NTC and November sea level pressure.
Other predictors in the scheme were selected utilizing
aresidual. For this, one or two predictors aready in the
forecast model were used to predict the TC variable in
question, for example, NTC. The difference between
actual value minus hindcast value for each year was
considered the hindcast error, and a time series of these
hindcast errors was created. Correlation maps between
these residual time series and global atmospheric and
oceanic features were then constructed to see if there
were any large-scale areas that correlated strongly with

November 500 mb
Geopotential Height

October-November SLP

September *
500mb A4 °
Geopotential

November SLP

Fic. 3. Map of predictors used in the early-Dec statistical forecast.
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TABLE 6. Predictors chosen, hindcast variance explained, and jackknife variance explained for each TC activity parameter in the
early-Dec forecast of the next year’s tropical cyclone activity. See Table 5 for predictor names and descriptions.

Variability explained Likely independent

Forecast No. of Predictors chosen by hindcast (r?) forecast skill
parameter predictors from table (1950-2001) (jackknife)
NS 3 1,23 0.40 0.29
NSD 5 1,3 45¢6 0.45 0.28
H 5 1,2345 0.53 0.38
HD 5 1,2345 0.53 0.35
IH 5 1,2345 0.69 0.57
IHD 5 1,3, 4,56 0.51 0.41
HDP 5 1,3 4,56 0.57 0.37
NTC 5 1,3 45¢6 0.62 0.46
TONS 4 1,4,56 0.44 0.30
TOH 5 1,3 45¢6 0.59 0.43

both the residual and the predictand itself. September
500-mb geopotential height over the western United
States and the QBO predictor were selected based on
theresidual approach. In addition, all predictors selected
were required to span an area no less than 10° by 20°
in extent to avoid local “‘bull’'s-eye” features that are
prevalent on some of the correlation maps.

4. Results

Nineteen predictors were evaluated for potential fore-
casting ability, and six predictors spanning various por-
tions of the globe were selected to forecast Atlantic
basin tropical cyclones using the methodology outlined
in the previous section. Predictors utilize zonal wind,
sea level pressure, or geopotential height data that are
defined in Kalnay et al. (1996) to be reanalysis ““A”
variables. These variables are primarily observation-
driven and are therefore considered to be the most ac-
curatein thereanalysisdataset. Table5liststhelocations
of the six predictors, and Fig. 3 displaysthese predictors
on amap. A listing of predictors chosen for forecasting
each tropical cyclone activity parameter along with the
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Fic. 4. Actual NTC (solid line) vs early-Dec cross-validated hind-

cast NTC (dashed line). Cross-validated variance (r2) explained is
0.46.

variance explained and the cross-validated or jackknifed
variance explained are listed in Table 6. Jackknife or
cross-validated variance explained is cal cul ated utilizing
the technique outlined in Elsner and Schmertmann
(1994). This methodology examines how well a year
can be predicted using data that are independent of the
year being forecast. Each of the 52 years in the dataset
were predicted utilizing an equation developed on the
remaining 51 yr of data. For example, a forecast for
1950 would be based on an equation developed on the
years 1951-2001. Jackknifed hindcast skill givesamore
accurate representation of actual forecast conditions and
is often considered to be an upper bound on how much
variance will likely be explained by the scheme when
forecasts are issued in real time.

More intense tropical cyclone parameters tended to
be better forecast than parameters dealing with weaker
systems. For example, there was a nearly 30% better
cross-validated hindcast variance explained for intense
hurricanes compared to named storms. This result isto
be expected since weaker systems often form from high-
er-latitude baroclinically generated disturbancesthat are
impossible to predict months in advance, such asfrontal
boundaries or cold lows. Also, there are more obser-
vational problems in determining the intensity of the
weaker systems.

Predictors were selected using an all-subset technique
similar to that used in Klotzbach and Gray (2003). This
procedure is different from stepwise regression in that
it selects the best one predictor, the best two predictors,
etc., up to the best five predictors for each tropical cy-
clone variable or until the jackknifed hindcast skill no
longer increases. No more than five predictors were se-
lected for each TC parameter to avoid statistical over-
fitting of the data. An ordinary least squares multiple
regression technique was utilized for most predictands,
but a Poisson regression model was utilized for tropical
cyclone predictands that frequently have small integer
values, as suggested by Elsner and Schmertmann
(1993). Please refer to the above paper for a more com-
plete description of the Poisson model. For the seasonal
forecast, a Poisson model was implemented for IH,
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TABLE 7. Observed NTC, early-Dec cross-validated hindcast NTC,
hindcast residual, and residual assuming a climatological NTC fore-
cast of 100. The average residual is computed without respect to sign.

Observed  Hindcast Hindcast Error using
Year NTC NTC error  climatology
1950 230 157 73 130
1951 115 125 -10 15
1952 93 126 -33 -7
1953 116 156 —40 16
1954 124 119 5 24
1955 188 143 45 88
1956 66 145 -79 -34
1957 82 115 —33 —18
1958 133 100 33 33
1959 94 80 14 -6
1960 92 118 —26 -8
1961 211 165 46 111
1962 32 72 —40 —68
1963 111 127 -16 11
1964 160 151 9 60
1965 82 60 22 —18
1966 134 91 43 34
1967 93 74 19 -7
1968 39 66 =27 —61
1969 150 144 6 50
1970 62 82 -20 —38
1971 91 99 -8 -9
1972 27 68 —41 —73
1973 50 71 -21 -50
1974 72 76 -4 -28
1975 89 78 11 -11
1976 82 110 -28 —18
1977 45 75 -30 —55
1978 83 78 5 =17
1979 92 -15 107 -8
1980 129 108 21 29
1981 109 97 12 9
1982 35 102 —67 —65
1983 31 55 —24 —69
1984 74 94 -20 —26
1985 106 120 —14 6
1986 37 56 -19 —63
1987 46 -34 80 —54
1988 118 138 -20 18
1989 130 114 16 30
1990 98 115 =17 -2
1991 57 104 —47 —43
1992 64 53 11 —36
1993 52 68 —16 —48
1994 35 48 -13 —65
1995 222 116 106 122
1996 192 147 45 92
1997 51 72 -21 —49
1998 166 145 21 66
1999 185 191 -6 85
2000 134 78 56 34
2001 129 123 6 29
Average error [30] |41

TONS, and TOH. Since the assumption of equal vari-
ancesis clearly violated for these predictands, a Poisson
model was considered appropriate. In addition, a Pois-
son model does not allow negative numbers to be fore-
cast for a predictand. This problem was sometimes ob-
served when an ordinary least squares multiple regres-
sion equation was utilized for IH, TONS, and TOH.
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TABLE 8. Observed NTC, early-Dec cross-validated hindcast NTC,
hindcast error, and error assuming a climatological NTC forecast of
100 units for the bottom 15 and top 15 years, respectively, for ob-
served NTC. Years in which the hindcast NTC was a more accurate
forecast than climatology are in boldface. The average error is com-
puted without respect to sign.

Observed Hindcast Hindcast Error using

Year NTC NTC error  climatology
Bottom 15 years
1972 27 68 —41 —73
1983 31 55 —24 —69
1962 32 72 —40 —68
1994 35 48 -13 —65
1982 35 102 —67 —65
1986 37 56 -19 —63
1968 39 66 —27 —61
1977 45 75 —30 —55
1987 46 —-34 80 —54
1973 50 71 =21 —50
1997 51 72 —-21 —49
1993 52 68 —16 —48
1991 57 104 —47 —43
1970 62 82 -20 —38
1992 64 53 11 —36
Average error |32 |56]|
Top 15 years
1950 230 157 73 130
1995 222 116 84 122
1961 211 165 46 111
1996 192 147 45 92
1955 188 143 45 88
1999 185 191 -6 85
1998 166 145 21 66
1964 160 151 9 60
1969 150 144 6 50
2001 137 123 14 37
1966 134 91 43 34
2000 134 78 56 34
1958 133 100 33 33
1989 130 114 16 30
1980 129 108 21 29
Average error |35| |67|

Figure 4 displays a 52-yr time series of observed
versus cross-validated hindcast NTC for 1950-2001,
and Table 7 displays actual NTC, cross-validated hind-
cast NTC, hindcast error, and the error assuming a cli-
matological forecast of 100 NTC for each year. Asone
can see from Table 7, there is about a 27% reduction
in the average residual utilizing the statistical forecast
over climatology.

A more powerful case for the importance of this sta-
tistical forecast can be seen when examining years with
much above-average and much below-average NTC val-
ues. For example, as can be seen in Table 8, for the 15
years with the lowest observed NTC (<65 units), the
cross-validated statistical hindcast was more successful
than a climatological NTC forecast of 100 in 12 out of
15 years. Likewise, for the 15 years with the highest
observed NTC (>125 units), the cross-validated statis-
tical hindcast was more accurate than a forecast of cli-
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TABLE 9. Observed NTC, early-Dec cross-validated hindcast NTC,
hindcast error, and error assuming a climatological NTC forecast of 3 we B
100 units for the bottom 15 and top 15 years, respectively, for cross- S (8" 3yg9"F9y8° ©°
validated hindcast NTC. Yearsin which the hindcast NTC was amore z g [ [ \ [ -
accurate forecast than climatology are in boldface. The average error k=
is computed without respect to sign.
Observed  Hindcast  Hindcast Error using o o ™
; . [N -] [Xe)
Year NTC NTC error  climatology 8 = § 8%22%@8&0“’%%—0 3
Bottom 15 years 8| 08| R S
1987 46 —-34 80 —54 S 5
1979 92 -15 107 -8 2
1994 35 48 -13 —65 5
1992 64 53 11 -36 = g 25
1983 31 S5 —24 —69 g >§8; AN MY OLWLWLWY
1986 37 56 19 63 g 2;%@ DNARgNyyoOn®
1965 82 60 22 -18 Q o2da
1968 39 66 27 61 55 h
1993 52 68 -16 —48 B g
1972 27 68 —-41 -73 % % 72 5=
Toos - s a0 T 53539 88998839389
1997 51 72 —21 —49 so||*2588 o
8
1967 93 74 19 -7 = ©
1977 45 75 -30 —55 2 g
Average error 33] 48| 2s g 2 s
Top 15 years 0% 55535 |82883L88888
1999 185 191 -6 85 P 5EE 3 = —
1961 211 165 46 111 ° § =2 @ o
1950 230 157 73 130 89
1953 116 156 —40 16 £3
1964 160 151 -9 60 25 o] TH 9
1058 06 14 % 5 el Bg|T7AR g oRET ©
Z
1956 66 145 -79 -34 E § 5
1969 150 144 6 50 >2
1955 188 143 45 88 s
1988 118 138 -20 18 5 7 ° =8 =
1963 111 127 -16 11 883 B T = =
1952 93 126 -33 -7 -5 oih AR AN I RN -
1951 115 125 -10 15 =g = o
2001 137 123 14 37 % g ©
Average error |31 |55| 8 5
28 )
g% Egm OCOMNNLODOOOMAN I~
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. . Q
matology in 13 out of 15 years. Another way to consider z g
the success of the statistical forecast isto examineyears < z v
in which hindcast NTC was much above average or g§ ¢ g%é‘% COPYIANRIND
much below average (Table 9). In the 15 yearswiththe 2" Z55°
lowest cross-validated hindcast NTC (<75 units), the g =
hindcast was a better forecast than climatology in 11 D.>
out of 15 years, and in all 15 years, observed NTCwas & 7 o
below average. For the 15 years with the highest cross- g © 8-5 2 MUYBYNSLSY
validated hindcast NTC (>122 units), the hindcast was - © S E ©
a better forecast than climatology in 10 out of 15 years, 2
and in 13 out of 15 years, observed NTC was above &
average. These examples serve to illustrate that, al- ©
though the hindcast showed little skill in average years = %
(years with small deviations from climatology), inyears I Bs
with large deviationsfrom climatol ogy, the hindcast was g 5 T E
a better forecast than climatology over 80% of the time > o ;E el
and was able to determine the right direction from cli- SR3REER3Z88T (=
[oNoNoNoNoNoNoNo oo Ne)
HﬁHﬁHﬁHﬁNNN(&'@&

matology nearly 95% of the time. These results are es-
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TaBLE 11. Correlations between individual predictors for the Dec forecast. Most intercorrelations are below r = |0.3].
Average intercorrelations are computed without respect to sign. See Table 5 for predictor names and descriptions.

Predictor 1 2 3 4 5 6
1 — -0.24 0.04 -0.14 -0.27 0.19
2 -0.24 — -0.29 0.24 0.21 -0.57
3 0.04 -0.29 — -0.07 -0.13 0.13
4 -0.14 -0.24 —0.07 — 0.09 0.01
5 -0.27 0.21 -0.13 0.09 — -0.12
6 0.19 -0.57 0.13 0.01 -0.12 —
Average intercorrelation 0.18 0.31 0.13 0.11 0.16 0.20

pecially impressive considering that the hindcast was
issued 6 months before the beginning of the hurricane
season.

Table 10 examines the improvement of the new sta-
tistical forecast over the old statistical forecast for the
years 1992-2002. The old statistical forecast was de-
veloped on hindcast data from 1950-90 and was first
issued operationally in December 1991, but, although
the scheme showed significant skill in hindcast mode,
it has shown little skill in forecast mode. For this com-
parison, the forecasts for the new scheme were also
developed on the hindcast years of 1950-90. The new
scheme explains approximately the same amount of var-
iance during the 1992—2002 period as it did during the
hindcast period compared with the complete failure of
the earlier scheme during this same period. The average
residual was reduced by about 30%—35% for hurricane
days and HDP when using the new statistical scheme
over the 1992—2002 period.

Table 11 displays a cross-correlation matrix between
all predictors in the early December statistical forecast
scheme. All correlations are below r = |0.3| except
for the relationship between the Gulf of AlaskaOctober—

0%

November sea level pressure (SLP) and the November
SLP in the tropical northeast Pacific. According to a
two-tailed Student’s t test, 95% and 99% significance
levels of interrelationships between predictors are 0.28
and 0.36, respectively. Obtaining predictors that are
mostly uncorrelated with each other is valuable in that
each predictor provides mostly independent information
from the other predictors in the scheme.

5. Physical links between predictors and seasonal
tropical cyclone activity in the Atlantic basin

Many of the predictors selected for forecasting the
following year’s tropical cyclone activity were not pre-
viously known to be related to current or future hurri-
cane activity in the Atlantic basin; however, in com-
bination with the other predictorsin theforecast scheme,
they were able to explain 46% of the cross-validated
hindcast variance in Atlantic basin NTC activity 6-11
months in advance. One would not have expected the
atmosphere—ocean to have such a long-term memory
for the frequency of mesoscale events.

One way to better understand the predictors in the
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TaBLE 12. Correlations between predictors and Atlantic tropical cyclone activity parameters. Correlations that exceed the 95% significance
level as determined by the Student’s t test are in italics, those that exceed the 99% significance level as determined by the Student’s t test
are in bold and those not significant at the 95% level are underlined. See Table 5 for predictor names and descriptions.

Predictor NS NSD H HD IH IHD HDP NTC TONS TOH
1 0.50 0.48 0.52 0.51 0.57 0.47 0.51 0.57 0.45 0.49
2 —0.45 —-0.44 —0.53 —-0.48 —-0.49 —0.42 —0.48 —0.52 —-0.39 —-0.48
3 0.30 031 031 0.35 041 0.40 0.39 0.40 031 0.40
4 —0.25 —-0.27 —-0.19 -0.27 —-0.33 —-0.29 —-0.31 —-0.31 —-0.22 —0.28
5 —0.29 —0.32 -0.43 —-0.45 —0.32 —0.39 —-0.47 —041 —0.40 —0.42
6 0.36 0.40 0.34 0.35 0.36 0.37 0.35 0.40 0.37 0.44

statistical forecast is to investigate the physical rela-
tionships between each predictor and tropical cyclone
activity thefollowing year. A method used to understand
physical relationships between predictors and tropical
cyclone activity was to correlate each predictor with
other atmospheric fields during the month that the pre-
dictor is selected along with atmospheric fields during
the following year's August—October period. By doing
this, one can see global effects that occur concurrently
with the predictor and also the teleconnected effectsthat
happen 6-11 months later. These correlation maps were
helpful in establishing the physical relationships dis-
cussed in the following paragraphs. For example, Fig.
5 displaysthreefall featuresthat were usually associated
with an active hurricane season the following year. A
discussion of hypothetical physical linkages between
each of the predictors in the scheme and Atlantic basin
tropical cyclone activity follows.

a. Predictor 1: November 500-mb geopotential height
in the far North Atlantic (67.5-85N, 10°E-50°W)
(+)

Positive values of this predictor correlate very strong-
ly (r = —0.7) with negative values of the AO and the
NAO. Negative AO and NAO values imply more ridg-
ing in the central Atlantic and a warm North Atlantic
Ocean (50°—60°N, 10°-50°W) due to stronger southerly
winds during this period. Also, on decadal time scales,
weaker zonal winds in the subpolar areas (40°—60°N,
0°—60°W) across the Atlantic are indicative of a rela-
tively strong thermohaline circulation. The change in

TaBLE 13. Miller equivalent F test results for the early-Dec
forecast equations.

Miller 52-yr Significant

Predictor Foo F value 99% level
NS 6.93 10.81 Yes
NSD 531 7.66 Yes
H 531 10.52 Yes
HD 531 9.96 Yes
IH 531 12.75 Yes
IHD 531 9.40 Yes
HDP 531 12.03 Yes
NTC 531 14.90 Yes
TONS 5.94 8.17 Yes
TOH 531 12.27 Yes

strength of the zonal winds at 500 mb from the period
inferred to have an active thermohaline circulation
(1950-69, 1995-99) from the period inferred to have a
weak thermohaline circulation (1970-94) was found to
be statistically significant at the 99% level. Also, pos-
itive values of this November index (higher heights,
weaker midlatitude zonal winds) are correlated with
weaker tropical Atlantic 200-mb westerly winds and
weaker trade winds the following August—October. The
associated reduced tropospheric vertical wind shear en-
hances TC development. Other following summer—early
fall features that are directly correlated with this pre-
dictor are low sea level pressure in the Caribbean and
a warm North and tropical Atlantic. Both of the latter
are hurricane-enhancing factors.

b. Predictor 2: October—November SLP in the Gulf
of Alaska (45-65N, 120°-160W) (—)

Negative values of this predictor are strongly corre-
lated with a positive *‘ Alaskan pattern” (Renwick and
Wallace 1996) aswell asaslightly eastward-shifted pos-
itive PNA, which implies reduced ridging over the cen-
tral Pacific with increased heights over the western Unit-
ed States. The negative mode of this predictor is typi-
cally associated with warm-current eastern Pacific equa-
torial SST conditions and a mature warm ENSO event.
Low sea level pressure is observed to occur in the Gulf
of Alaska with a decaying El Nifio event, and anoma-
lously high pressure is observed with a weakening La
Nifia event (Larkin and Harrison 2002). Negative values
of this predictor indicate a likely change to cool ENSO
conditions the following year. Cool ENSO conditions
enhance Atlantic hurricane activity.

TABLE 14. Correlations between NTC and forecast predictors sub-
divided into 1950—69 and 1975-94. See Table 5 for predictor names
and descriptions.

1950-69 197594 1950-2000 Correlation
Predictor correlation  correlation  correlation  difference
1 0.45 0.25 0.57 0.20
2 —-0.57 —0.52 -0.52 0.05
3 0.29 0.25 0.40 0.04
4 —0.65 —-0.23 —-0.31 0.42
5 —-0.24 —0.48 -0.41 0.24
6 0.32 0.43 0.40 0.11
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TaBLE 15. Ratio of top 10-bottom 10 years for all predictors in the early-Dec forecast scheme.
See Table 5 for predictor names and descriptions.

Predictor NS NSD H HD IH IHD HDP NTC TONS TOH Mean
1 1.61 1.86 1.68 2.27 3.58 3.56 2.48 2.30 2.39 3.44 252

2 1.52 1.70 1.72 2.05 2.82 3.75 2.32 2.09 2.06 3.92 2.40

3 152 1.63 1.59 1.78 2.50 2.27 2.01 1.81 1.97 3.60 2.07

4 1.19 1.28 1.17 1.32 1.65 1.53 1.40 1.35 1.39 1.70 1.40

5 1.22 1.46 1.54 2.09 1.76 3.13 2.36 1.75 2.37 3.13 2.08

6 1.35 1.63 1.46 1.71 1.88 2.53 1.83 1.72 1.86 2.78 1.87
Mean 1.40 1.59 1.52 1.87 2.37 2.80 2.07 1.84 2.01 3.10 2.06

c. Predictor 3: September 500-mb geopotential height
in western North America (35-55N, 100=120W)
(+)

Positive values of this predictor correlate very strong-
ly (r = 0.8) with positive values of the PNA. PNA
values are usually positive in the final year of an El
Nifio event (Horel and Wallace 1981). Therefore, cooler
ENSO conditions are likely during the following year.
Significant lag correlations exist between this predictor
and enhanced 200-mb geopotential height anomaliesin
the subtropics during the following summer. Higher
heights in the subtropics reduce the height gradient be-
tween the deep Tropics and subtropics, resulting in east-
erly anomalies at 200 mb throughout the tropical At-
lantic during the following summer. Easterly anomalies
at 200 mb provide a strong enhancing factor for tropical
cyclone activity.

d. Predictor 4: July 50-mb equatorial zonal wind
(5°S-5N, all longitudes) (—)

Easterly anomalies of the QBO during the previous
July indicate that the QBO will likely be in the west
phase during the following year’s hurricane season. Ac-
cording to Gray et al. (1992a), the average half-period
of the QBO lasts approximately 14 months (average
period 28-29 months). The QBO should therefore be of
opposite sign during the following year's August—Oc-
tober period. The west phase of the QBO has been
shown to provide favorable conditions for the devel-
opment of hurricanes in the deep Tropics, as discussed
by Shapiro (1989) and Gray et al. (19923, 1993, 1994).
Hypothetical mechanisms for how the QBO affects hur-

TaBLE 16. Correlation of the previous year's Jul-Nov period for
the Gulf of Mexico—southeastern U.S. predictor with the following
year's seasonal NTC.

Month Correlation
Jul -0.33
Aug —0.26
Sep —-0.42
Oct —0.20
Nov -0.14
Average correlation -0.23

ricanes are as follows: (a) Atlantic TC activity is in-
hibited during easterly phases of the QBO due to en-
hanced lower-stratospheric wind ventilation and in-
creased upper-troposphere—lower-stratosphere wind
shear; (b) the east phase of the QBO favors equatorial
convection (0°—10°N), and the west phase of the QBO
favors higher-latitude convection (10°—20°N), which is
more favorable for TC development; and (c) the west
phase of the QBO has a slower relative wind (advective
wind relative to the moving system) than does the east
phase (Gray and Sheaffer 1991). This allows for greater
coupling between the lower stratosphere and the tro-
posphere, which is an enhancing factor for Atlantic ba-
sin tropical cyclone activity.

e. Predictor 5: September—November SLP in the Gulf
of Mexico—southeastern United States (15-35N,
75-95°W) ()

Low pressure in this area during September—Novem-
ber correlates quite strongly with a current positive
phase of the PNA. As was stated earlier, the PNA is
usually positive in the final year of an El Nifio event,
and therefore cooler ENSO conditions are likely the
following year (Horel and Wallace 1981). This feature
is strongly negatively correlated (r ~ —0.5) with the
following year's August—September sea level pressure
in the tropical and subtropical Atlantic. August—Sep-
tember SLP in the tropical Atlantic is one of the most
important predictors for seasonal activity; that is, lower-
than-normal sealevel pressureisfavorable for more TC
activity. Easterly anomalies at 200 mb are also typical

TaBLE 17. Entire U.S. number of landfalling tropical cyclones for
the top 15 and bottom 15 years of cross-validated hindcast NTC +
SSTA* (top) and for the top 15 and bottom 15 years of observed
NTC + SSTA* (bottom), respectively.

Hindcast landfall occurrences NS H IH
15 highest NTC + SSTA* 65 37 15
15 lowest NTC + SSTA* 3 16 7
Ratio (as percentage) 197 231 214
Observed landfall occurrences NS H IH
15 highest NTC + SSTA* 62 34 12
15 lowest NTC + SSTA* 28 15 6
Ratio (as percentage) 221 227 200
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TABLE 18. Gulf Coast number of landfalling tropical cyclones for
the top 15 and bottom 15 years of cross-validated hindcast NTC +
SSTA* (top) and for the top 15 and bottom 15 years of observed
NTC + SSTA* (bottom), respectively.

Hindcast landfall occurrences NS H IH
15 highest NTC + SSTA* 31 13 5
15 lowest NTC + SSTA* 18 9 5
Ratio (as percentage) 172 144 100
Observed landfall occurrences NS H IH
15 highest NTC + SSTA* 32 14 6
15 lowest NTC + SSTA* 14 8 4
Ratio (as percentage) 229 175 150

TABLE 19. East Coast humber of landfalling tropical cyclones for
the top 15 and bottom 15 years of cross-validated hindcast NTC +
SSTA* (top) and for the top 15 and bottom 15 years of observed
NTC + SSTA* (bottom), respectively.

Hindcast landfall occurrences NS H IH
15 highest NTC + SSTA* 34 24 10
15 lowest NTC + SSTA* 15 7 2
Ratio (as percentage) 227 343 500
Observed landfall occurrences NS H IH
15 highest NTC + SSTA* 31 22 6
15 lowest NTC + SSTA* 14 7 2
Ratio (as percentage) 221 314 300

during the following year's August—October period,
with low values of this predictor.

f. Predictor 6: November SLP in the tropical
northeast Pacific (7.5-22.5N, 125%-175W) (+)

According to Larkin and Harrison (2002), high pres-
surein thetropical northeast Pacific appears during most
winters preceding the development of a La Nifia event.
High pressure forces stronger trade winds in the east
Pacific, which increases upwelling and helps initiate La
Nifia conditions, which eventually enhance Atlantic hur-
ricane activity during the following summer. This pre-
dictor correlates with low geopotential heights at 500
mb throughout the Tropics the following summer, in-
dicative of a weaker Hadley circulation typical of La
Nifia conditions. Also, high pressure in November in
the tropical northeast Pacific correlates with low sea
level pressurein thetropical Atlantic and easterly anom-
alies at 200 mb during the following August—October
period.

The predictors discussed in detail above all relate to
one or more of five global modes: the NAO, the AQ,
the PNA, ENSO, and the QBO. With a knowledge of
the current value and a forecast of the future trends in
these modes, one can explain up to about half of the
variance of thefollowing year’stropical cycloneactivity
based on 52 yr of hindcast data.
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6. Statistical analysis of predictors

The last section proposed physical linkages between
predictors and Atlantic basin tropical cyclone activity.
Another method used to add credibility to the forecast
scheme is to use objective statistical bootstrap tech-
niques to show that the predictors have statistically sig-
nificant following-year correlations with tropical cy-
clone activity over the 52-yr developmental dataset pe-
riod. One of the most common methods of evaluating
statistical significance is to utilize a standard Student’s
t test. The QBO was expected to relate to Atlantic trop-
ical cyclones (Gray 1984a,b; Shapiro 1989); however,
all other areas were selected utilizing the correlation
and composite analysis. These areas were selected a
posteriori; that is, the relationship was not expected pri-
or to the forecast development, and therefore each re-
gion must pass a two-tailed test. For all predictors, the
actual significance level needed is computed by taking
the desired significancelevel and raising it to the number
of potential predictors in the scheme (19 potential pre-
dictors). To obtain the 95% significance level, one must
calculate the value that when taken to the 19th power
will give you 0.95 (Wilks 1995). Utilizing this infor-
mation in the t test, the 95% significance level for all
predictors except the QBO is 0.43, and the 99% sig-
nificance level is 0.48. Since the QBO relationship was
already expected, the 95% and 99% significance levels
for this relationship are reduced to 0.39 and 0.45, re-
spectively. Table 12 displays correlations between all
predictors and Atlantic TC parameters. Predictors 1 and
2 show the highest correlation with Atlantic TC activity
thefollowing year. Predictors 3 and 4 were selected from
the residual analysis, and therefore it is expected that
the individual correlations between the predictors and
TC parameters are weakest for these features. It should
also be noted that the power of this forecasting scheme
does not lie simply in the strength of the individual
predictors but in the strength of the predictors when
used in combination.

A method used to check the statistical significance of
the forecast equation as awholeisthe Miller equivalent
F test (Neumann et al. 1977). An ordinary F test would
overestimate the statistical significance, since 19 pre-
dictors were evaluated for possible use in this scheme.
Therefore, to calculate the actual F value needed for
statistical significance, the total number of variables
must be considered. Therefore, the 99% significance
level proposed by Miller is as follows:

(D

where k is the number of predictors screened for usein
the forecast. Since 19 predictors were considered, the
actual F value needed for 99% significance is F ggo,7-
Table 13 displays the calculated F values needed for
99% significance based on Eq. (1) along with the actual
F values for the individual forecast equations based on

Foo = F(l—l/look) )
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52 yr of hindcasting. All forecast equations are signif-
icant at the 99% level.

Another way to evaluate statistical significance isto
investigate the stability of the correlations. By evalu-
ating periods of time when the Atlantic thermohaline
circulation was strong and when the thermohaline cir-
culation was weak, one can determine if the predictors
are stable throughout the period. Two 20-yr periodswere
selected for the subdivision of the data. From 1950 to
1969, the Atlantic thermohaline circulation was judged
to be strong based on a North Atlantic sea surface tem-
perature proxy, and the Atlantic thermohaline circula-
tion was judged to be weak from 1975 to 1994. Warm
North Atlantic sea surface temperatures imply a strong
thermohaline circulation, while cold North Atlantic sea
surface temperatures imply a weak thermohaline cir-
culation. Table 14 displays correlations between pre-
dictors and Atlantic TC parameters for both 1950—69
and 1975-94. In general, correlations were stable
throughout both time periods. The two predictors with
the most significant correlation changes were the strato-
spheric QBO predictor and the southeastern U.S. pre-
dictor. Since the physical relationship between the QBO
and hurricanes has been well documented in the liter-
ature (e.g., Gray 1984a; Shapiro 1989; Gray et al. 19923,
1993, 1994), this predictor will be kept in the predictor
pool. The southeastern U.S. predictor will be subjected
to a further statistical test to determine its validity in
the predictor pool.

An additional test to evaluate the strength of rela-
tionships between predictors and Atlantic TC parame-
ters was to evaluate the top 10 and bottom 10 values
of each predictor. For example, take the North Atlantic
500-mb geopotential height, and compute a ratio for
tropical cyclone activity that occurred during the top 10
versus the bottom 10 of those years. If there was a
negative relationship between the predictor and TC ac-
tivity, the ratio was inverted to allow for easy reference
between each predictor—Atlantic TC parameter pair. Ta-
ble 15 displays the top 10—bottom 10 ratios. Many of
the ratios are of greater magnitude than 2:1, indicating
significant relationships between the predictor and At-
lantic hurricanes.

The Gulf of Mexico—southeastern U.S. predictor, one
of the predictors that had a significant change in cor-
relation between the active and inactive thermohaline
eras, was subjected to further evaluation. Sealevel pres-
sure in this region from July to November of the prior
year was correlated with the following year's seasonal
NTC value from 1950 to 2001 to see if the negative
correlation tended to persist from month to month. Table
16 displaysthe July—November correlations. All months
from July to November show a negative correlation,
adding more confidence to the use of the southeastern
U.S. areaasapredictor. In addition, the eastward-shifted
PNA-Atlantic TC relationship discussed in section 5
adds further credence to the selection of this predictor.
An eastward-shifted PNA indicatesthat thewarm ENSO
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conditions are concentrated in the east Pacific. Warmth
near the Peruvian coast tends to change from year to
year, while warm anomalies near the international date
line are much more stable and may persist for severa
years. Therefore, an El Nifio event with warmth in the
east Pacific (Nifio-1, -2, -3) is much more likely to
change to neutral or cool La Nifia conditions during the
following summer than an El Nifio event with warmth
concentrated in the central Pacific (Nifio-3.4, -4).

7. U.S. landfall probability forecast

One of the most critical aspects of any tropical cy-
clone forecast is the issuance of landfall probabilities.
Previous work has been conducted on the predictability
of landfalling hurricanes (Lehmiller et a. 1997; Bove
et al. 1998; Elsner et al. 2000), but the issuance of
landfall probabilities has not been attempted until re-
cently, by Gray et al. (2000). Although there are only
small differences in landfalling tropical storms between
individual active and inactive years, there are consid-
erable differences in the number of intense hurricanes
that make landfall along the U.S. coastline when one
averages 4-5 active years versus 4-5 inactive years.
With the upturn in tropical cyclone activity since 1995,
the probability of an intense hurricane striking the U.S.
coastline has increased accordingly (Goldenberg et al.
2001). For example, during the 15 years with the largest
NTC hindcasts, 13 intense hurricanes made landfall
along the U.S. coastline as opposed to only 8 intense
hurricanes during the 15 least active years. For the U.S.
East Coast, this ratio is 10 to 2. The ratios are even
more significant along the U.S. East Coast than for the
entire United States. The Gulf Coast—East Coast de-
marcation location is approximately 50 miles north of
Tampa, Florida. Storms that make landfall near Tampa,
Fort Myers, and the Florida Keys are considered to be
East Coast landfalls. During the 15 highest NTC hind-
casts, eight intense hurricanes made landfall along the
East Coast as opposed to only three intense hurricanes
during the 15 lowest NTC hindcasts, or aratio difference
of 2.67:1.

An additional parameter to aid in issuing landfall
probabilities, proposed by Gray et al. (2000), is defined
as SSTA*. SSTA* is a proxy measure of the strength
of the Atlantic thermohaline circulation and is aweight-
ed average measure of sea surface temperature anom-
alies in the region bounded by 50°—60°N, 10°-50°W.
SSTA* is calculated in the following manner:

1 1
SSTA* = SSTA6 + E(SSTA:L) + Z(SSTAzfl); (2)

where SSTA* is the influence of the North Atlantic
(50°-60°N, 10°-50°W) SST anomalies on the coming
year U.S. tropical cyclone landfall (values are expressed
in 10~2°C), SSTA ; is the average mean North Atlantic
SST anomaly for the prior 6 yr, SSTA ; isthe mean SST
anomaly of thelast year, and SSTA ,_, islast year’s July—
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November SST anomaly minus last year's January -

through June anomaly. TE
As one can see from the equation, SSTA* takes into L= 8 9 8

account North Atlantic sea surface temperatures for the 82 o @ ©

past 6 yr with a heavier weight on SSTs during the past <

year and 6 months, respectively. SSTA* is closely re-

lated to the Atlantic multidecadal mode documented in g o ©

Goldenberg et al. (2001), whereby a warm Atlantic is = 8 Ry YR QRO Qo

positively correlated with more hurricanes and increased S 7 ®

likelihood of landfall. The use of the past-6-yr average 2 w -

of North Atlantic sea surface temperatures averages out q

any smaller year-to-year fluctuations. For example, dur- S g <

ing the cool Atlantic, inactive hurricane multidecadal q S @Q

mode of 1970-94, the North Atlantic warmed consid- o S5l 883 883 883

erably during 1988 and 1989. However, this warming ﬁ gf o

was followed by cooling in the early 1990s. The switch = o z

to the warm Atlantic, active hurricane multidecadal g

mode did not begin until 1995. We have selected the 6- 8

yr mean SST empirically after trying averages of be- = =2

tween 3 and 10 yr. A 6-yr average had the best rela- gg =5 o 5 -

tionship with U.S. landfalling hurricane activity. 2 'ég 5 3 3
When observed SSTA* and hindcast NTC are com- 38 F3

bined, ratios between active and inactive years become 8P

even more significant. There is a greater than 2:1 ratio vz

for hurricanes along the entire U.S. coast and a 3:1 ratio - % % =

for al hurricanes along the East Coast. During the 15 %E © “% 88 Qg wew

largest observed values of SSTA* and hindcast NTC, m% 3 S

15 intense hurricanes made landfall along the U.S. coast, =g

while only 7 intense hurricanes made landfall during 2 % g =

the 15 smallest values or aratio of 2.14:1. When con- % ; ks 7 %

sidering only the East Coast, 10 intense hurricanes made 2 g 33 29Y 98T 99T

landfall during the 15 most active years compared to 2s §g$ = = =

only two intense hurricanes during the 15 smallest val- 8 5 8 =

ues, or aratio of 5:1. Although forecasting whether a g%

hurricane will make landfall in any year is not possible, 58

definite skill inissuing probability forecastsisavailable. %§ =

Tables 17, 18, and 19 display the top 15-bottom 15 g5 3=

ratios using hindcast NTC and SSTA* compared with é ; £¢ a S s,

observed values of NTC and SSTA* for the entire Unit- ‘55 N §§ H o o

ed States, the Gulf Coast, and the East Coast for named o =

storms, hurricanes, and intense hurricanes. Note that the g o

best ratios are for intense hurricanes along the East B3 |8 P

Coast of the United States. Table 20 displayslandfalling 3 o i) wmo  Bo~ o~

named storms, hurricanes, and intense hurricanes from é > 2| cewo oo a4

1950 to 2000 ranked by cross-validated hindcast NTC 2 |2 =

and SSTA* and divided into 17-yr segments. Figure 6 E &

displays landfalling hurricanes and intense hurricanes = % X

along the East Coast for the 15 largest values and 15 - ) fgg'@

smallest values of cross-validated hindcast NTC and & S5l | 883 883 883

observed SSTA*. There aso appears to be some skill § Q S S

in hindcasting named storms along the Gulf Coast, al- & 6 =z

though there is very little difference between active and 0 o 0 o 0 o

inactive years for hurricanes and intense hurricanes 8§55 8§55 g 8§55

along the Gulf Coast. gT>> 228722
Based on the above discussion, landfall probability S %; < g %; 5 %; .

equations were developed for named storms, hurricanes, B £3 ? 8 £3 ? 8 <3 ?

and intense hurricanes along the entire U.S. coastline, ETSS E£s78 é 5 8

pd T =

the East Coast, and the Gulf Coast. Equations were cal-
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culated using both hindcast and observed NTC, and the
observed NTC equations gave slightly more accurate
probability forecasts based on landfalls from 1950 to
2000, and therefore the equations based on observed
NTC will be listed here. Each year was ranked by ob-
served NTC and SSTA*, and probabilities of landfall
were calculated for each third and fourth of the data.
Figure 7 illustratesthis processfor a probability forecast
for intense hurricanes along the entire U.S. coastline.
Based on these probabilities, landfalling equations were
developed and are listed below. For the U.S. coast:

Named storm probability

= 96.06 + 0.02(NTC + SSTA¥*) 3
Hurricane probability

= 72.33 + 0.09(NTC + SSTA*) 4
Intense hurricane probability

= 28.26 + 0.21(NTC + SSTA*). 5)

For the Gulf Coast:
Named storm probability

= 74.87 + 0.09(NTC + SSTA¥*) (6)
Hurricane probability

= 44.90 + 0.17(NTC + SSTA¥*) (7
Intense hurricane probability

= 25.32 + 0.06(NTC + SSTA*). (8)

For the East Coast:
Named storm probability
= 60.10 + 0.12(NTC + SSTA*) 9)
Hurricane probability

= 40.56 + 0.15(NTC + SSTA*) (20)
Intense hurricane probability
= 13.84 + 0.10(NTC + SSTA*). (11

Table 21 shows what landfall probabilities would be
for selected values of NTC and SSTA*. These equations
will be utilized to issue landfall probabilities with this
new early-December statistical forecast.

8. Future work and conclusions
a. Future work

The early-December statistical forecast hindcast skill
over 52 yr of dependent data and the soundness of the
physical linkagesindicates a strong likelihood that there
will be considerable future forecast skill with this
scheme. With the currently available NCEP-NCAR re-
analysis and the availability of the European Centre for
Medium-Range Weather Forecasts (ECMWF) reanaly-
sis in the next few months, the current statistical fore-
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FiG. 6. (top) Landfalling tropical cyclones for the 15 highest cross-
validated hindcast NTC + SSTA* values and (bottom) landfalling
tropical cyclones for the 15 lowest cross-validated hindcast NTC +
SSTA* values, respectively, along the U.S. East Coast. Category 1—
2 hurricanes are the dashed lines, and category 3—4-5 hurricanes are
the solid lines. Years of landfalling intense hurricanes are asindicated.

casts utilized to make Atlantic basin hurricane predic-
tions in early April, early June, and early August will
also be revised using a similar methodology to that out-
lined here. The ease of availability of the data and the
consistency of the model used to derive the analysis
make the reanalysis products a favorable alternative to
the time-consuming data acquisition required by the cur-
rent statistical models for Atlantic hurricane prediction.

Asaluded above, the ECMWF is nearing completion
of areanalysis similar to that already done by NCEP-
NCAR. Data assimilated into the ECMWF reanalysis
model differs somewhat from that assimilated by
NCEP-NCAR, and the model used to make the com-
putationsis also different. When the ECMWF reanalysis
becomes available, we will examine the hindcast skill
of our new statistical forecast model to see if there is
similar skill using the different reanalysis products. If
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Fic. 7. Landfall probability forecast development for intense
hurricanes along the entire U.S. coastline.

similar skill is shown, it would provide more confidence
that the physical relationships discussed here and the
concept of this type of extended-range prediction from
hindcast analyses are indeed valid.

The development of the reanalysis datasets has pro-
vided a valuable tool for individuals interested in fore-
casting. An accurate forecast of ENSO that improves
upon a climatology and persistence forecast is currently
unavailable (Landsea and Knaff 2000), and through
composite and correlation research, a somewhat more
skillful forecast for ENSO is likely possible.

b. Conclusions

The statistical methodology outlined above demon-
strates that considerable skill in forecasting Atlantic ba-
sin tropical cyclones nearing 50% of the jackknifed
hindcast variance for net tropical cyclone (NTC) activity
can be achieved by early December of the previousyear.
It is surprising that the atmosphere would have such a
long memory for the frequency of mesoscale weather
systems 6-11 months in advance.

Early December forecasts of Atlantic basin tropical
cyclone activity will continue to be issued into the fore-
seeable future, and the statistical methodology outlined
in this paper will be utilized as the primary statistical
guidance tool. We expect to make further improvements
to this statistical forecast technique with continued re-
search.
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TABLE 21. Landfall probabilities for one more or landfalling trop-
ical cyclones for the entire U.S. coast, the Gulf Coast, and the East
Coast for NTC + SSTA* values of 0, 50, 100, 150, 200, and 250.
Probabilities do not exceed 99% since it is never assured that a par-
ticular year will have a landfalling tropical cyclone.

NTC + SSTA*
0 50 100 150 200 250
Entire U.S. coast
Named storms 96 97 98 99 99 99
Hurricanes 72 7 81 86 90 95
Intense hurricanes 28 39 49 60 70 81
Gulf Coast
Named storms 75 79 84 88 93 97
Hurricanes 45 53 62 70 79 87
Intense hurricanes 25 28 31 34 37 40
East Coast
Named storms 60 66 72 78 84 90
Hurricanes 41 48 56 63 71 78
Intense hurricanes 14 19 24 29 34 39
APPENDIX

List of Symbols and Acronyms

AOQO: Arctic Oscillation—The leading empirical or-
thogonal function (EOF) of sealevel pressure pole-
ward of 20°N based on all months from January
1958 to April 1997.

ENSO: El Nifio—Southern Oscillation.

EOF: Empirical orthogonal function.

H: Hurricane—A tropical cyclone with sustained low
level winds of 74 mph (33 ms~* or 64 kt) or greater.

HD: Hurricane day—A measure of hurricane activity,
one unit of which occurs as four 6-h periods during
which a tropical cyclone is observed or estimated
to have hurricane intensity winds.

IH: Intense hurricane—A hurricanethat reachesasus-
tained 1-min-average 10-m-height wind of at |east
111 mph (96 kt or 50 m s=*) at some point in its
lifetime. This constitutes a category 3 or higher on
the Saffir—Simpson scale (also termed a ““major”
hurricane).

IHD: Intense hurricane day—Four 6-h periods during
which a hurricane has intensity of Saffir—Simpson
category 3 or higher.

MJO: Madden—Julian oscillation.

NAO: North Atlantic Oscillation—A normalized
measure of the surface pressure difference between
Iceland and Portugal.

NCAR: National Center for Atmospheric Research,
Boulder, Colorado.

NCEP: National Centers for Environmental Predic-
tion, Washington, D.C.

NS: Named storm—A hurricane or tropical storm.

NSD: Named storm day—As in HD but for four 6-h
periods during which atropical cycloneisobserved
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(or is estimated) to have attained tropical-storm-
intensity winds.

NTC: Net tropical cyclone activity—Average sea-
sonal percentage mean of named storms, named
storm days, hurricanes, hurricane days, intense hur-
ricanes, and intense hurricane days. Gives overall
indication of Atlantic basin seasonal hurricane ac-
tivity.

PNA: Pacific-North American pattern—One of the
most prominent modesin low-frequency variability
in the extratropics of the Northern Hemisphere, ap-
pearing in all months except June and July.

QBO: Quasi-biennial oscillation—A stratospheric
(16-35-km altitude) oscillation of equatorial east—
west winds that vary with a period of about 26—
30 months or roughly 2 yr, typically blowing for
12-16 months from the east, then reversing and
blowing 12-16 months from the west, then back
to east again.

SST: Sea surface temperature.

SSTA*: Sea surface temperature anomaly in the
North Atlantic Ocean (50°-60°N, 10°-50°W).

TC: Tropical cyclone—A large-scalecircular flow oc-
curring within the Tropics and subtropics that has
its strongest winds at low levels, including hurri-
canes, tropical storms, and other weaker rotating
vortices.

TOH: Tropical-only hurricanes.

TONS: Tropical-only named storms.

TS: Tropical storm—A tropical cyclone with maxi-
mum sustained winds between 39 mph (18 m s¢
or 34 kt) and 73 mph (32 m s~* or 63 kt).

REFERENCES

Blake, E. S., 2002: Prediction of August Atlantic basin hurricane
activity. Dept. of Atmospheric Science Paper 719, Colorado State
University, Fort Collins, CO, 80 pp.

Bove, M. C., J. B. Elsner, C. W. Landsea, X. Niu, and J. J. O'Brien,
1998: Effect of El Nifio on U.S. landfalling hurricanes, revisited.
Bull. Amer. Meteor. Soc., 79, 2477-2482.

Elsner, J. B., and C. P Schmertmann, 1993: Improving extended-
range seasonal prediction of intense Atlantic hurricane activity.
Wea. Forecasting, 8, 345-351.

——, and ——, 1994: Assessing forecast skill through cross vali-
dation. Wea. Forecasting, 9, 619-624.

——, G. S. Lehmiller, and T. B. Kimberlain, 1996: Objective clas-
sification of Atlantic hurricanes. J. Climate, 9, 2880-2889.
——, K. B. Liu, and B. Kocher, 2000: Spatial variations in U.S.
hurricane activity: Statistics and a physical mechanism. J. Cli-

mate, 13, 2293-2305.

Goldenberg, S. B., and L. J. Shapiro, 1996: Physical mechanisms for
the association of El Nifio and West African rainfall with Atlantic
major hurricane activity. J. Climate, 9, 1169-1187.

——, C. W. Landsea, A. M. Mestas-Nufiez, and W. M. Gray, 2001:
The recent increase in Atlantic hurricane activity: Causes and
implications. Science, 293, 474-479.

Gray, W. M., 1984a: Atlantic seasonal hurricane frequency. Part I:
El Nifio and 30 mb quasi-biennia oscillation influences. Mon.
Wea. Rev., 112, 1649-1668.

——, 1984b: Atlantic seasona hurricane frequency. Part Il: Fore-
casting its variability. Mon. Wea. Rev., 112, 1669-1683.

WEATHER AND FORECASTING

VoLuME 19

——, and J. D. Sheaffer, 1991: El Nifio and QBO influences on
tropical cyclone activity. Teleconnections Linking Worldwide
Climate Anomalies, M. H. Glantz, R. W. Katz, and N. Nicholls,
Eds., Cambridge University Press, 535 pp.

——, C. W. Landsea, P W. Mielke Jr., and K. J. Berry, 1992a: Pre-
dicting Atlantic seasonal hurricane activity 6-11 months in ad-
vance. Wea. Forecasting, 7, 440—455.

——, J. D. Sheaffer, and J. A. Knaff, 1992b: Influence of the strato-
spheric QBO on ENSO variability. J. Meteor. Soc. Japan, 70,
975-995.

——, C. W. Landsea, R W. Mielke Jr., and K. J. Berry, 1993: Pre-
dicting Atlantic basin seasonal tropical cyclone activity by 1
August. Wea. Forecasting, 8, 73-86.

——, ———, ——, and ——, 1994: Predicting Atlantic basin seasonal
troplcal cyclone actlwty by 1 June. Wea. Forecasting, 9, 103—
115.

—— ———, ——, and ——, 2000: Extended range forecast of At-
Iantlc seasonal hurrlcane activity and US landfall strike proba-
bility for 2001. Dept. of Atmospheric Science Report, Colorado
State University, Fort Collins, CO, 22 pp.

Hess, J. C., J. B. Elsner, and N. E. LaSeur, 1995: Improving seasonal
hurricane prediction for the Atlantic basin. Wea. Forecasting,
10, 425-432.

Horel, J. D., and J. M. Wallace, 1981: Planetary-scale atmospheric
phenomena associated with the Southern Oscillation. Mon. Wea.
Rev., 109, 813-829.

Hoskins, B. J,, and D. J. Karoly, 1981: The steady linear response
of a spherical atmosphere to thermal and orographic forcing. J.
Atmos. Sci., 38, 1179-1196.

Kalnay, E., and Coauthors, 1996: The NCEP/NCAR 40-Year Re-
analysis Project. Bull. Amer. Meteor. Soc., 77, 437-471.

Klotzbach, P J., and W. M. Gray, 2003: Forecasting September At-
lantic basin tropical cyclone activity. Wea. Forecasting, 18,
1109-1128.

Knaff, J. A., 1993: Evidence of a stratospheric QBO modulation of
tropical convection. Department of Atmospheric Science Paper
520, Colorado State University, Fort Collins, CO, 91 pp.

Landsea, C. W., 1993: A climatology of intense (or major) Atlantic
hurricanes. Mon. Wea. Rev., 121, 1703-1713.

——, and W. M. Gray, 1992: The strong association between western
Sahel monsoon rainfall and intense Atlantic hurricanes. J. Cli-
mate, 5, 435-453.

——, and J. A. Knaff, 2000: How much skill was there in forecasting
the very strong 1997-98 El Nifio? Bull. Amer. Meteor. Soc., 81,
2107-2119.

Larkin, N. K., and D. E. Harrison, 2002: ENSO warm (El Nifio) and
cold (LaNifia) event life cycles: Ocean surface anomaly patterns,
their symmetries, asymmetries, and implications. J. Climate, 15,
1118-1140.

Lehmiller, G. S., T. B. Kimberlain, and J. B. Elsner, 1997: Seasonal
prediction models for North Atlantic basin hurricane location.
Mon. Wea. Rev., 125, 1780-1791.

Neumann, C. J., M. B. Lawrence, and E. L. Caso, 1977: Monte Carlo
significance testing as applied to statistical tropical cyclone pre-
diction models. J. Appl. Meteor., 16, 1165-1174.

Renwick, J. A., and J. M. Wallace, 1996: Relationships between North
Pacific wintertime blocking, EI Nifio, and the PNA pattern. Mon.
Wea. Rev., 124, 1981-1991.

Shapiro, L. J., 1989: The relationship of the quasi-biennial oscillation
to Atlantic tropical storm activity. Mon. Wea. Rev., 117, 1545~
1552.

Thompson, D. W. J., and J. M. Wallace, 1998: The Arctic Oscillation
signature in the wintertime geopotential height and temperature
fields. Geophys. Res. Lett., 25, 1297-1300.

van Loon, H., and J. C. Rogers, 1978: The seesaw in winter tem-
peratures between Greenland and northern Europe. Part |: Gen-
eral description. Mon. Wea. Rev., 106, 296-310.

Wallace, J. M., and D. S. Gutzler, 1981: Teleconnections in the geo-
potential height field during the Northern Hemisphere winter.
Mon. Wea. Rev., 109, 784-812.

Wilks, D. S., 1995: Statistical Methods in the Atmospheric Sciences:
An Introduction. Academic Press, 464 pp.



