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1. Overview

The 2003 Atlantic hurricane season featured
16 tropical storms(TS), 7 hurricanes (H), and 3
major hurricanes (MH) (Fig. 1), indicated by cat-
egories 3-5 on the Saffir-Simpson scale (Simpson
1974). These numbers are higher than the 1951-
2000 climatol ogica seasond averagesof 9-10tropi-
cal storms, 6 hurricanes, and 2 major hurricanes. A
detailled andyssof theindividud tropica sormsand
hurricanesduring 2003 isprovided by Nationd Oce-
anicand AtmosphericAdministration’s(NOAA'S)
National Hurricane Center at:

http:/Amww.nhc.noaa.gov/2003atlan.shtml

Most of the 2003 activity occurred between
mid-August and mid-October, when ten tropical
storms, four hurricanes, and all three major hurri-
canes formed. However, three tropical storms
formed outside of the normal June-November hur-
ricane season. Thefirst system of the season system
(TSAnNa) formed on 22 April, and thelast two (TS
Odetteand TS Peter) formed on4 Dec. and 9 Dec.,
respectively. According to the National Hurricane
Center (persona communication, LixionAvila), this
isthefirst timesince 1887 that two tropical storms
formedin December, dthoughitispossiblethat un-
detected systemshave occurred in December prior
tothemeteorologica satelliteera

Regionally, four of thehurricanesand dl of the
major hurricanesduring 2003 were associated with
tropica stormsthat first devel opedintheMain De-
velopment Region (MDR; Goldenberg and Shapiro
1996) (red bars, Fig. 1). The MDR is shown for
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referencein Fig. 2. The concentration of activity in
the MDR during mid-August through mid-October
is typical of above-normal hurricane seasons
(Landsea 1993, Goldenberg and Shapiro 1996).
Fivetropica ssormsasoformed over the Gulf
of Mexico (grey bars, Fig. 1), tying the seasonal
high observedin 1957. Climatologically, 1-2 tropi-
ca sormsforminthisregion during agiven season.
Six systemsaffected the United Statesduring
the season (section 3), which followssevenlandfdling
U.S. systemsin 2002. In addition Nova Scotiaand
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Fig. 1. 2003 Atlantic hurricane season total (green)

tropical storms, hurricanes, and major hurricanes. Totals

associated with tropical storms forming in the Main

Development Region (MDR) (red), the Gulf of Mexico (grey),
and the extratropics (blue) are also shown.
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Fig. 2. TheMain Development Region (MDR) consists
of thetropical Atlantic to 21.5°N and the Caribbean Sea.



Bermudaexperienced devastating hurricaneimpacts
from H Juan and H Fabian, respectively. Mexico
experienced tropical storm conditions from
Claudetteand Larry, while Hispanolawas affected
by TS Odette.

Atmospheric conditions during August-Sep-
tember 2003 were very conduciveto an above-nor-
mal Atlantic hurricaneseason (Fig. 3). Theongoing
activeAtlantic multi-decadal signal can account for
important aspectsof thissignd, including an ampli-
fied upper-level subtropical ridge, reduced vertica
wind shear inthe MDR resulting from upper-level
easterly wind anomaliesand lower-level westerly
anomalies, an exceptiondly favorableAfrican East-
erly Jet, and an active West African monsoon sys-
tem. The presence of ENSO-neutral conditions
throughout the season suggeststhat these

(86 x 10* kt?).

NOAA definesan above-norma Atlantic hur-
ricane season based on two criteria. First, the sea-
son must have atotal ACE va ue exceeding 103 x
10% kt? (or 120% of the median). Second, at |east
two of thefollowing three must be above average:
numbersof tropical storms, hurricanesor major hur-
ricanes. The 2003 Atlantic hurricane season satis-
fiesboth of thesecriteria

A large percentage (86.6%) of thetotal ACE
vaueduring 2003 isassociated with the hurricanes
andmgor hurricanesthat first becametropica sorms
intheMDR (Fig. 5). Anadditiona 8.4% camefrom
the three named storms (two became hurricanes:
Danny and Juan) that formed north of the MDR
(listed as“extratropics’), and 5% came from the

conditionswereindependent of any sgnifi-
cant ENSO influence.

However, neither the multi-decadal
signa nor ENSOisbelieved to account for
the exceptionally conducive nature of the
total signa. Thisisparticularly trueinthe
northern and western MDR, and over the
Gulf of Mexicowhereavery pers stent up-
per-leve ridge contributed to theformation
of fivetropical storms.
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2. 2003 Seasonal Activity

Onemeasure of thetotal seasond ac-
tivity iISNOAA'sAccumul ated Cyclone
Energy (ACE) index, whichmeasures
the combined strength and duration of
tropical stormsand hurricanesduring
agiven season (Bell et al. 2000). The
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Fig. 3. Schematic representation of conditions conduciveto
the above-normal 2003 Atlantic Hurricane Season.

ACE index isessentialy awind energy
index calculated by summing the

ACE (x 10¢ kt?)

squaresof theestimated 6-hourly maxi-

mum sustained wind speed in knots o
(V.2 fordl periodswhilethesystem

iseither atropical stormor hurricane
(Fig. 4). Thetotal ACE index for the
2003 season is 169.9 x 10* kt?, or
197.5% of thelong-term median value
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Fig. 4. Seasonal values of the Accumulated Cyclone Energy (ACE)
index for the total Atlantic Basin (blue) and Main Devel opment Region
(MDR, red). The ACE index for the MDR is based on systems that first
becametropical stormsinthe MDR. NOAA definesnear-normal seasons
ashaving atotal ACE value betwen 65-103 x 10* kt? (green lines).



Thelarge contribution to the seasona ACE dex
ThelargecontributiontotheACE index from
gystemsfirst namedintheMDRistypica of above-
normal hurricane seasons, and reflectsthe high per-
centage of thesestormsthat eventudly becomelong-
lived hurricanes and/or major hurricanes. During
2003 thethreemajor hurricanes(Fabian, Isabel, and
Kate) accounted for 74% of the total ACE index
(Fig.6).
Hurricanelsabel lasted from 6-19 September
and was amajor hurricane for 7.75 days. | sabel
wasd so acategory-5 hurricane (maximum sustained

windsabove 135 kts) for 3.25 days. SincetheACE
index isbased onthe square of thewind speed, 1sabel
produced one of thelargest ACE values(61.3x 10°
kt?) of any stormintherecord. Isabel finally made
landfall in North Carolinaon 18 September asa
category-2 hurricane.
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Fig. 5. 2003 seasonal vauesof theAccumulated Cyclone
energy (ACE) index for thetotal Atlantic Basin (green), the
Main Development Region (MDR, red), the Gulf of Mexico
(grey), and theextratropics (blue). Theregional ACE values
are based on systems that first become tropical stormsin
the specified region.
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Fig. 6. TheAccumulated Cyclone Energy (ACE) value
for each of the sixteen Atlantic tropical stormsduring 2003.
The ACE value is determined by summing the squares of
the maximum sustained 6-hourly wind speeds while the
systemiseither atropical storm or hurricane.

TheACE index contribution from Hurricane
Fabian was also substantial (43.2x 10 kt?). This
storm lasted from 28 Aug- 8 Sep, and wasamajor
hurricanefor 7.25 days, reaching maximumsustained
windsof 125 kts (145 mph). Hurricane K ate con-
tributed an additional 21.9 x 10* kt? to the seasonal
ACE index. Kate was a mgor hurricane for 1.5
days, and reached maximum sustained windsof 110
kts (125 mph).

Thecombined duration of thesethreesystems
at major hurricane statusis 16.75 days, whichis
second only to the 20.75 total days observed in
1961. That season featured six mgjor hurricanes|ast-
ing for anaverageof 3.5 dayseach at that strength.

3. Rainfall from landfalling U.S. tropical
stormsand hurricanes

Six named ssormsmadelandfall inthe United
States/ northern Mexico during the 2003 Atlantic
hurricane season. One made landfall asatropical
depression (Henri), two hit astropical storms(Bill
and Grace) and three hit ashurricanes (Claudette,
Erika, andsabel). Thiscomparesto savenlandfaling
U.S. systemsduring 2002, when six hit astropical
stormsand onehit asahurricane (Lawrimoreet al.
2003). For the 2002-2003 period thirteen named
sormshavemadelandfdl intheU.S, withten hitting
the Gulf Coast (fivein each season).

During 2003 thefirst of these Gulf Coast
systemswas TSBIll, which produced morethan 150
mm of rain across eastern L ouisiana, Mississippi,
and western Alabama (Fig. 7a). The second was
Hurricane Claudette, which went across eastern
Texasduring 15-16 July and produced totalsof 75-
100 mm (Fig. 7b). Thethird wasHurricane Erika
during 16-17 August, which madelandfall asahur-
ricanein northeastern Mexico and brought tropical
storm forcewindsto extreme southern Texas. Erika
produced 75-100 mm of rainin northeastern Mexico
and 25-75 mm of rainin southern Texas (Fig. 7c).
Thefourthwas TS Grace, which brought 75-100
mm of rainto southeastern Texason 3LAugust (Fig.
7d). Thefifth Gulf Coast sysemwas TSHenri, which
madelandfall inwest-central Floridaasatropical



depression and brought 100-125 mm of raintothe
region (Fig. 7e).

Thesixth landfalling system of the season
was Hurricane I sabel, which came onshore along
the North Carolinacoast on 18 Sep asacategory-
2 hurricane. Thissystem subsequently moved north-
ward acrosswestern Pennsylvaniaon 19 Septem-
ber. Rainfall totalswith | sabel ranged from 100-200
mm acrosseastern North Carolinaand Virginia, and
50-100 mm acrossWest Virginiaand eastern Ohio
(Fig. 7). Thisstorm caused 29 fatalitiesand pro-
duced massive power outagesinthe Mid-Atlantic
region, with tota damagesestimated by the National
Hurricane Center at US$3.4 billion.

Thesx named sormsmedelandfall between
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Fig. 7. Total rainfall (mm) over land associated with the
six landfalling named stormsduring 2003: @) TSBill during
30 June-1 July 2003, b) Hurricane Claudette during 15-16
July, ¢) H Ericaduring 16-17 August, d) TS Grace on 31
August, €) TSHenri on 6 September, and f) Hurricane | sabel
during 18-19 September.

30June and 9 October. During thisperiod precipi-
tation totalsexceeded 500 mmaong the Gulf Coast
from eastern Texasto southern Florida, and across
North CarolinaandVirginia(Fig. 8a). Theseamounts
aremorethan twicethelong-term averagein south-
ern Texas, 100%-150% of normal along the Gulf
Coast, and 150%-200% of normal inthe Mid-At-
lantic States (Fig. 8b). Thisexcessprecipitationis
atributed largely totheland faling tropica systems
(Fig. 8c), which generaly accounted for 25%-40%
of thetota seasond rainfal intheseareas(Fig. 8d).

4. Atmosphericcirculation

a. Vertical Wind Shear

The mean 200-hPaheights during Aug.-Sep.
2003 indicate an overall strengthening and north-
ward shift of the subtropical ridge axis, which ex-
tendsfrom the Gulf of Mexico to northern Senega
(Fig. 9). South of the ridgeaxisanoma ouseasterly
flow at upper levels (not shown) coverstheentire
MDR and reflects an enhanced Tropical Easterly
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200-hPa Height and Anomaly
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Fig. 9. August- September 2003 mean (contours) and
anomal ous (shaded) 200-hPaheights. Contour interval for
heights is 30 m. Shading interval for anomaliesis 10 m.
Green box denotes the MDR. Anomalies are departures
from the 1971-2000 base period monthly means.
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Jet.

Conversely, at lower levels the tropical
easterlies (contours, Fig. 10a) were weaker than
average acrossthe North Atlantic and western Af-
rica, asindicated by westerly zona wind anomalies
throughout the region (contours, Fig. 10b). These
conditionswereaready in placeduring April-May
(Fig. 10c) and June-July (Fig. 10d), well prior to
themain hurricaneactivity.

The combination of upper- and lower- level
zonal wind anomalies during Aug.-Sep. produced
anomaloudly easterly vertical wind shear between
200-850 hPafrom tropical western Africato the
eastern tropical Pacific (red, Fig. 11a). Theresult
waslower tota vertical wind shear over theheart of
theMDR (red, Fig. 11b), and higher total vertical
wind shear over both tropical western Africaand
portionsof theeastern tropica Pacific (blue).

Thisthree-celled pattern of anomal oustotal
shear iscons stent with above-normal Atlantic hur-
ricaneseasons. Itisaso consstent with theenhanced
2003 West African monsoon system, and with abe-
low average 2003 East Pacific hurricane seasonwith
arecord low of zero major hurricanes.

b. African Easterly Jet

During August-September, tropical cyclogen-
esisinthe MDR tendsto be associated with ampli-
fying African easterly wave disturbances (Reed et
a. 1977) moving within theregion of high cyclonic
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Fig. 10. 700-hPa zonal winds (contours, m s') and
relative vorticity (x 10° s?, shading) (a) total and (b)
anomalies during August-September 2003, and anomalies
during (c) April-May 2003 and (d) June-July 2003. In panel
(a) only cyclonic vorticity values are shaded. Interval for
wind speedsis 1.0 mstin all panels. Green box denotes
the MDR. Anomalies are departures from the 1971-2000
base period monthly means.

relativevorticity along the equatorward flank of the
700-hPaAfrican Easterly Jet (AEJ) (Fig. 10a).
During 2003 the low-level westerly wind
anomalies(contours, Fig. 10b) acrossthetropical
Atlanticareassociated with awell-defined AEJcore
extending farther west into the M DR than normal.
Over thecentra MDR thejet axisisshifted north-
ward to amost 20°N, and features an extended re-
gion of enhanced cyclonicrdativevorticity dongits
equatorward flank. Thiscirculationisaccompanied
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Fig. 11. August-September 2003 anomal ous 200-850-
hPa vertical wind shear: (a) anomalous vertical shear of
zona wind (shaded) and vertical shear vector, and (b)
anomalous strength of the total vertical wind shear.
Shading interval is 1.0 m s, In (@) red indicates easterly
shear and blueindicated westerly shear. In (b) redindicates
lower total shear and blue indicates higher total shear.
Green box denotes the MDR. Anomalies are departures
from the 1971-2000 base period monthly means.

by anorthward shift of the I TCZ to 10°N, and by
an associ ated penetration of deep tropica moisture
(Fig. 12a) over dightly warmer than average SSTs
that covered theentireMDR (Fig. 12b).

These conditionsindicate that disturbances
developing inthe MDR remained in an extended
region of increased cyclonic vorticity, degp tropical
moisture, and warmer SSTswhilemoving westward
into thelow-shear environment over the heart of the
MDR. Thisinterpretationiscons stent with the at-
mospheric conditionsdescribed by Bell et d. (1999,
2000) for the above-normal 2000 and 2001 hurri-
cane seasons.

Further examination of theAEJduring Aug.-
Sep. 2003 indicatesatongue of high potential vor-
ticity air extending acrosstheeastern hdf of theMDR
and westerntropical Africa (Fig. 13a). A notable
reversa inthepotential vorticity gradientisalso evi-
dent, asindicated by anorthward increaseinvalues
over the southeastern portion of the MDR, and a
northward decreasein valuesover the northeastern
MDR.
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Fig. 12. August-September 2003 () total precipitable
water (inches) and 1000-hpa vector winds, and (b)
anomalous sea surface temperatures (°C). Green box
denotesthe MDR. Anomaliesare departuresfromthe 1971-
2000 base period monthly means.
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Fig. 13. August-September mean 700-hPa potential

vorticity during (a) 2003 and (b) 1997. Shadinginterval is5.0
x 107K (shPa)™. Greenbox denotesthe MDR.

Thisreversa inthe north-south component of
the PV gradient satisfiesthe necessary conditionfor
linear baroclinic instability, and suggeststhat the
background flow inthisregion wasvery favorable
for supplying energy to developing African Easterly
disturbances. In contrast, during theinactive 1997



season lower PV valuesand no major reversal in
the PV gradient areseeninthe MDR (Fig. 13Db).

5. Theongoing activeAtlantic multi-decadal
signal

a. Atmospheric Circulation

Large multi-decadal fluctuationsin seasonal
AtlanticBasnactivity areevidentinACE index time
series(Fig. 4), with above-normal activity during
1950-1969 and 1995-2003, and bel ow-normal ac-
tivity during 1970-1994 (seed so Landseaand Gray
1992, Landseaet a. 1999, Goldenberg et al 2001,
Lawrimore et a. 2002). The above normal 2003
Season continuesthemarked increasein activity that
beganin 1995.

Multi-decadd fluctuationsin seasond activity
have been linked to multi-decadal variationsin sev-

eral key atmospheric circulation featureswithinthe
MDR, including the vertical wind shear (Fig. 143,
seealso Goldenberg et a. 2001), thetropical east-
erly tradewinds (Fig. 14c), and the cyclonic shear
along theequatorward flank of theAfrican Easterly
Jet (Fig. 14e). For thefirst half of the 1980sanoma-
louswesterly (i.e. increased) vertical wind shear is
evident over thecentrd tropica NorthAtlantic (Figs.
143, b), thetropical easterly tradewindsare stron-
ger than average between 5°-10°N (Figs. 14c, d),
and anomdousanticyclonicreativevorticity isseen
along the equatorward flank of the mean African
Easterly Jet (Figs. 14e, f). Thiscombination of con-
ditionsisnot conducivetoAtlantic hurricaneforma-
tion.

Sincethe mid-1990sthe circulation hasfea-
tured anomalous easterly (i.e. lower) vertical wind

Anomalous 200-850 hPa \z%ll;tical Shear of Zonal Wind
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Fig. 14. Area-averaged anomaly time series’ for each August-September period between 1979-2003: (a)
200-850-hPavertical shear of thezona wind (ms?), c) 700-hPazona wind ms?), and 700-Parelaivevorticity
(x 10° s1). Black curves show un-smoothed two-month anomalies, and red curve shows a5-pt running mean
smoother applied to the time series shown. Averaging regions are shown in red shading in panels (b), (d),
and (f), respectively. Anomalies are departures from the 1979-1995 base period monthly means.
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shear over the centra tropica Atlantic (Goldenberg
etd. 2001), dongwithwesker tropica easterly trade
windsand anomaouscyclonicreativevorticity aong
the equatorward flank of theAEJ. Asseenfor the
2003 season thiscombination of conditionsiscon-
ducivetotropical cycloneformationfromAfrican
eagterly wavedisturbancesduring theclimatologica
peak of the season.

Similar circulation anomalies have been asso-
ciated with an enhanced West African monsoonsys-
tem (Thaiw et al. 1988, Chelliah and Bell 2003), as
was al so seen during 2003. More generally these
resultsare also consi stent with the strong rel ation-
ship between multi-decadal variationsin seasonal
Atlantic Basin activity and the West African mon-
soon system (Hastenrath 1990, Landseaand Gray
1992, and Goldenberg and Shapiro 1996). They
area so cong stent with the ongoing warm phase of
the Atlantic multi-decadal mode (Landsea et al.
1999, Mestas-Nuriez and Enfield 1999).

b. Activity

During 1995-2003 Atlantic hurricane seasons
have averaged 13 tropical storms, 7.6 hurricanes,
and 3.6 mgjor hurricanes. Thesenumbersarelarger
than any consecutivenine-year periodintherdiable
record dating back to 1944. [However, because of
continuousimprovementsinthe observationa net-
work, including satdlitetechnol ogy, aircraft measure-
ments, and doppler radar (Goldenberg et a. 2001),
itispossiblethat moresystemsareidentifiedinthe
later part of the record than during the above-nor-
mal decades of the 1950s-1960s.] During the be-
low-normal 1970-1994 period, seasons averaged
only 9tropical storms, 5 hurricanesand 1.5 major
hurricanes.

The seasonal mean ACE index during 1995-
2003 is145 x 10* kt?, more than doublethe 1970-
1994 average of 65 x 10% kt?. The mean contribu-
tionfrom systemsfirst namedinthe MDR during
1995-2003is114 x 10% kt?, almost triplethe aver-
age contribution during 1970-1994 of 41 x 10* kt2.
Theincreased number of hurricanesand major hur-
ricanes associ ated with the M DR during 1995-2003
(Fig. 15) account for almost 91% of thetotal differ-

1970-1994

Fig. 15. 1995-2003 and 19701994 ssasona mean number
of Atlantic hurricanes (green bars), and mean number of
hurricanes that first become tropical stormsin the MDR
(red bars).

1995-2003

enceintheACE index between thetwo periods.

Seven of the nine seasons during 1995-2003
areclassfied asabovenormd accordingtoNOAA's
hurricane season classification. Theremaining two
seasons (1997 and 2002) were El Nifio years, and
were associ ated with bel ow-normal and near-nor-
mal levelsof activity, repectively. Incontrast, NOAA
identifiesonly three above-normal seasons (1980,
1988, 1989) during the entire period 1970-1994.

Theatmospheric conditionsfavoring theover-
al higher levelsof activity seen during 1995-2003
are expected to continue for perhaps another de-
cade or so (Goldenberg et al. 2001). Thismeans
that we can continueto expect above-average num-
bersof hurricanesand mgjor hurricanesformingin
theMDR. Sincethese systemsgeneraly movewest-
ward acrossthetropical Atlantic, they often posea
threat to the United States and the region around
the Caribbean Sea.
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