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ABSTRACT 

Even though the degree of damage inflicted by North Atlantic tropical cyclones (TCs) is highly dependent upon track 
location and proximity to land, the spatial characteristics of TCs are generally understudied. We investigated the spatial 
relationships between landfall locations and track patterns of all Cape Verde-type landfalling and coastal TCs that have 
affected the continental coastline of the western Atlantic Basin by region for the period 1851-2008. The degree of re-
curvature for these TCs increases progressively from the Central America/Caribbean coast (CA) through the Gulf of 
Mexico (GOM), Florida peninsula (FLOR), and Atlantic (ATL) coasts. The date (month) of occurrence shows similar 
increases from the GOM through ATL. These patterns for landfall location, track pattern, and occurrence date generally 
follow the intra-seasonal movement and intensity variations of the Bermuda High (BH), as represented by increasing 
North Atlantic Oscillation (NAO) index values from CA through FLOR. Analysis suggests that the region of landfall is 
primarily controlled by two factors: the amplitude of track recurvature and the longitude at which recurvature begins to 
dominate track shape. Both of these important steering controls are predominantly influenced by the strength and posi-
tion of the BH, with increasing strength and/or more northeasterly position of the BH progressively driving landfall 
from Central America through the Gulf of Mexico and the Atlantic seaboard out to the open sea. The paleorecord sug-
gests that the latitudinal position of the BH exerts an important control over the location of hurricane landfall along the 
western North Atlantic on millennial time scales. This suggests that global warming may result in a northern shift in TC 
tracks and increased frequency of landfalls in northern locations. 
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1. Introduction 

As more than 50% of all tropical cyclones (TCs) formed 
in the Atlantic Basin eventually make landfall along the 
continental coastline of the western Atlantic Basin, caus- 
ing annual average damages in the billions of US dol- 
lars [1,2], any significant change in TC behavior can be 
expected to have important societal impacts. Although 
much effort has been focused on potential changes in TC 
frequency and intensity as a result of future climate 
changes [3-7], spatial considerations, especially in regard 
to track patterns and landfall location, have generated 
substantially less discussion. From a climatological as 
well as societal viewpoint, however, proximity to land  

and point of landfall are of great importance. For this 
reason, it is important to gain a better understanding of 
the relationship between track patterns and landfall loca- 
tion. 

Track pattern has long been an understudied subject in 
TC research. Although maps displaying regional changes 
in TC location, point of origin, frequency or intensity 
under differing climatological conditions are fairly com- 
mon [8-11], until recently the effects of track have rarely 
been discussed. However, several recent studies based on 
clustering techniques have begun elucidating the rela- 
tionship between climatic conditions and track trajecto- 
ries. Elsner [12] used a k-means clustering method to  
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identify three main TC track shapes in the North Atlantic, 
finding that negative North Atlantic Oscillation (NAO) 
values are associated with both a specific track pattern 
(“straight moving”) and geographical location (more 
southern landfall). A similar study was conducted in the 
North Pacific, also documenting a correlation between 
track pattern/landfall location and El Niño/Southern Os- 
cillation (ENSO) conditions [13]. A k-means clustering 
technique, extended to include mass moments, was ap- 
plied to North Atlantic TCs [14], while a probabilistic 
clustering method based on regression mixture models 
has been applied to TCs in the western North Pacific [15], 
eastern North Pacific [16], North Atlantic [17], and ex- 
tratropical cyclones in the North Atlantic [18]. Latitu- 
dinal and longitudinal boundaries have been used to 
group TCs, resulting in track shape groups, for both the 
North Atlantic [19] and southwestern Indian Ocean [20]. 
In all these studies, specific track trajectories, though not 
the main focus of the investigation, are, to varying ex- 
tents, associated with specific track clusters and/or cli- 
matic conditions. 

These studies have generally followed a similar meth- 
odology, using mathematical methods to group cyclone 
tracks into spatially coherent clusters, which are then 
analyzed in regards to a number of climatological fea- 
tures, such as NAO, Atlantic Meridional Mode (AMM), 
ENSO, Madden-Julian oscillation (MJO), seasonality, 
and intensity. Here we used a reverse approach. Instead 
of focusing on the tracks of all TCs, we started with the 
coastal locations of all landfalling TCs or coastal TCs 
(those that came within 50 km of a continental coastline) 
that crossed the Atlantic Ocean from the east (i.e., the 
Cape Verde TCs) (66% of total TC) with maximum wind 
speed ≥ 35 knots and affected various regions of the con- 
tinental coastline from 1851 to 2008. We grouped these 
TCs by landfall (near landfall) region to examine the 
relationship between their track patterns and an associ- 
ated climate condition, the NAO, to elucidate their steer- 
ing mechanisms. Our research was motivated by the hy- 
potheses that landfalling or coastal TCs that affected dif- 
ferent regions of the North American coastline (e.g., At- 
lantic seaboard versus Central America/Caribbean) tend 
to have distinctly different track patterns, and that these 
different track patterns reflect different steering mecha- 
nisms associated with different NAO conditions. It is 
well known that several other large climatological vari- 
ables, especially ENSO [21], AMM [17], the Atlantic 
Multidecadal Oscillation (AMO) [22], the MJO [9], and 
the Atlantic Warm Pool [23] exert important influences 
over TC frequency and location. However, in this paper 
we focus on the NAO at the exclusion of the other cli- 
matic drivers in order to maximize the number of cases 
in each group. Subdividing each set by several different 
climate variables (i.e. Landfalling Major Hurricanes along  

the Central American coast under positive NAO, warm 
AMO, cold ENSO conditions) would have reduced the 
number of TCs in many sets below useful levels. For that 
same reason we included all TCs since 1851, although 
doing so eliminates the consideration of such important 
meteorological features as mid-latitude fronts and west 
African thunderstorms, since NCEP/NCAR Reanalysis 
data only extends to 1948. Our methodology is based on 
the rationale that the variability in the various climatic 
and meteorological conditions is minimized by using 
larger data sets. Although the NAO is only one of many 
features controlling the steering of NA TCs, it is likely 
the most significant. Focusing on the NAO permits us to 
evaluate its effect on TC tracks and the subsequent effect 
of climate-driven movement of the North Atlantic circu- 
lation system. 

2. Methods 

North Atlantic TCs do not form a single homogenous 
group. The two most distinct subgroups, the Cape Verde 
and the Western Caribbean TCs, differ in point of origin, 
track shape and key climatic/atmospheric controls (Fig- 
ure 1). The Cape Verde TCs form from easterly waves 
originating off the west coast of Africa, and are heavily 
influenced by conditions in the main development region 
(MDR) (10˚N - 20˚N) of the Atlantic [24]. Cape Verde 
TCs typically display a “C” shape track, as after drifting 
west across the tropical Atlantic, they move first to the 
north and then eastward, driven by the mid-latitude 
westerlies (Figure 1(b)). As indicated by their name, 
Western Caribbean TCs form in either the western Car- 
ibbean or the Gulf of Mexico, are not influenced by con- 
ditions in the MDR and generally display a northward 
moving track (Figure 1(a)). Because of these basic dif- 
ferences, it is necessary to analyze these groups sepa- 
rately in order to correctly identify the associated atmos- 
pheric conditions involved with specific areas of landfall. 
For this paper we consider only the Cape Verde TC set; 
therefore all TCs originating within the Caribbean Sea 
west of 68˚W (the eastern tip of Hispaniola), or the Gulf 
of Mexico were removed (inset, Figure 1(a)). Also 
eliminated were all storms that started as subtropical cy- 
clones. 

All TC tracks that achieved a maximum wind speed of 
≥35 knots for the period 1851-2008 were downloaded 
from the National Hurricane Center “best track” database 
(http://www.nhc.noaa.gov/pastall.shtml). Data are pre- 
sented as separate segments, each detailing the TC’s 
geographic coordinates and such physical features as 
maximum wind speed and atmospheric pressure (when 
available) taken at six-hour intervals for the life of the 
TC. Each TC has a unique identifying number which can 
be used to combine the individual segments into a single 
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Figure 1. Differentiation of Western Caribbean and Cape Verde-type tropical cyclones. Shown are all the Western Caribbean 
(a) and Cape Verde (b) type tropical cyclones of tropical storm strength and above occurring in the North Atlantic for the 
period 1851-2008. In (c) the Western Caribbean tracks are superimposed on top of the Cape Verde tracks. All TCs whose 
point of origin occur within the blue shaded area in the inset in (a) were eliminated from the study. 
 
track. All TCs that either intersected (i.e., landfalling 
TCs) or passed within 50 km of the continental coastline 
(i.e., coastal TCs) were grouped regionally by location 
and subdivided by intensity at landfall. A 50 km buffer 
was used to ensure the inclusion of coast-paralleling TCs 
that are capable of producing damaging wind and wave 
effects, even if landfall does not occur. For the same 
reason we include TCs in all coastal regions where they 
cross the 50 km buffer, regardless of location of original 
landfall; i.e., a TC which first makes landfall along the 
Gulf coast and then crosses a section of the Atlantic coast 
from the west is included in both TC sets at their respec- 
tive intensity levels. Four regional landfall groups and a 
non-landfalling group (NLF) were recognized, including: 
1) CA (Caribbean coasts of Central America from Nica-
ragua through Belize); 2) GOM (entire Mexican coast 
and Gulf coast from Texas through the Florida panhandle 
as far as Apalachee Bay [84˚W]); 3) FLOR (the rest of 
Florida); 4) ATL (Georgia through Newfoundland); 5) 
NLF (all TCs that did not make landfall or pass within 50 
km of continental coastline) (Figure 2). 

track path; large values are associated with strongly re- 
curved TCs (Figure 3). 

As the RI is a novel attempt to quantify the recurvature 
of TCs some caveats are worth noting, since spatial fac- 
tors can influence values. The RI value will be larger for 
a TC originating in the west than for a TC with an other- 
wise identical track that originates farther east (unless the 
termination points lie east of the origin point of the east-
ern storm). Similarly, a TC that moves due north 
throughout its life will have a high RI, but no recurvature. 
However, applying this index solely to the Cape Verde 
TCs greatly reduces both problems. Longitudinal differ- 
ences in point of origin are minimal for the Cape Verde 
TCs, which, unlike the Western Caribbean TCs, are al- 
most entirely lacking in storms with vertical axes (Fig-
ures 1, 2, 4). A single RI value was calculated for each 
TC set by averaging the RI values for all TCs in the set. 
A North Atlantic Oscillation Index (NAOI) value was 
assigned to each six-hour TC segment based on the 
monthly values taken from the University of East Anglia 
data set (http://www.cru.uea.ac.uk/cru/data/nao), and an 
average value was calculated for each TC. Two NAOI 
values were calculated for each TC set: 1) Unweighted 
(calculated by averaging TC values), and 2) Weighted 
(calculated by averaging six-hour segment values; long- 
lasting TCs had correspondingly greater influence on set 
average). 

All TCs are subdivided by maximum intensity at 
landfall or within the 50 km coastal buffer for landfalling 
and coastal storm, or over the life of the storm for 
nonlandfalling storms. Intensity groups are TS (all tropi- 
cal cyclones of tropical storm strength and above, maxi- 
mum sustained wind speed ≥ 35 knots), HURR (all hurri- 
canes, category 1 - 5, wind speed ≥ 65 knots), and MAJ 
(major hurricanes, category ≥ 3, or > 96 knots). 

All six-hour TC segments were also tagged with the 
numerical value of the month(s) in which they occurred 
(January = 1 through December = 12). Monthly averages 
were calculated for each TC, which were then averaged 
to produce an unweighted MONTH value for each TC set. 
The weighted MONTH value was calculated by average- 
ing the values of all six-hour segments. 

As track shape varies greatly between TCs, a simple 
“recurvature index” (RI) was created in order to quantify 
the degree of recurvature, or departure from the horizon- 
tal for each track. Merging all six hour segments into a 
single TC track on ArcView 3.3 provides minimum and 
maximum values for both latitude and longitude; the RI 
value is simply the maximum minus minimum latitude 
(numerator) divided by the maximum minus minimum 
longitude (denominator). Small values imply a horizontal  

3. Results 

Track sets display distinctly different patterns by landfall 
groupings, with consistent regional patterns preserved 
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Figure 2. Tracks of TCs since 1851 by region of landfall. Regional coast sections are highlighted in row (a). Regional track 
sets are subset by maximum intensity at landfall: tropical storms, row (b); hurricanes, row (c); and major hurricanes row (d). 
Row (e) displays the average track for the tropical storm set (row b) for each region. 
 

 

Figure 3. Recurvature index (RI). Tracks of two selected TCs are shown. The northern, TC #194, has a RI value of 1.29 and 
exhibits an intensely recurved track shape; the southern, TC #460, has a low RI value (0.06) and a horizontal track shape. 
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Figure 4. Average tracks of all TCs making landfall at tropical storm strength and above (row e from Figure 2). Track color 
marks region of landfall. TCs making landfall in CA display flat tracks, while degree of recurvature increases progressively 
through the other regions, with focus of recurvature moving in a northeasterly direction. 
 
through all three intensity levels (Figure 2). TCs in the 
CA set originate in the west-central tropical Atlantic, and 
generally display horizontal tracks before making land- 
fall in Central America. Tracks in the GOM set originate 
farther to the east, and after following slightly more 
northern paths as far west as the southern Caribbean, 
they exhibit a change in track trajectory, which becomes 
more pronounced in the central Gulf of Mexico, resulting 
in landfall along the Gulf coast. Visually, this pattern of 
more northerly track path, increased recurvature and 
eastern movement of general track location and of re- 
curvature apex can be traced through FLOR and ATL. 
Location of origin also moves east from GOM through 
ATL, but to a much smaller degree (Figures 2 and 4). 
The NLF track set is the largest and has the most eastern 
points of origin, termination and recurvature. The degree 
of recurvature, quantified by the RI, increases incre- 
mentally to the northeast, increasing for TSs from 0.15 
(CA) to 0.51 (GOM), to 0.79 (FLOR) through 1.41 
(ATL), before decreasing slightly for NLF (1.11) (Table 
1). It should be noted that the maximum latitude of TCs 
making landfall with the continental landmass is pro- 
bably reduced for some storms due to their dissipation 
over land, thereby lowering their RI values, particularly 
for the GOM and FLOR sets. Although it is not possible 
to estimate the size of this reduction it is unlikely that it  

is large enough to change the order of the regional RI 
values, given the large numerical gap between the CA 
and ATL values (Table 1). The NAOI values increase 
from CA through GOM and FLOR, then decrease pro- 
gressively through ATL and NLF. Both patterns are 
consistent across all three intensity levels, and for both 
the Weighted and Unweighted NAOI indices (Figure 4, 
Table 1). 

The MONTH indices show a different pattern. Both 
the weighted and unweighted values are lowest (i.e., ear- 
liest occurrence) in GOM with values increasing through 
FLOR, ATL, and NLF, except for anomalously high 
FLOR values for major hurricanes. CA has the highest 
MONTH values except for the hurricane intensity level 
where NLF values are slightly higher (Table 1). 

4. Discussion 

Apart from the CA TCs, which tend to originate farther 
west, point of origin and early track patterns are very 
similar for all track sets (Figures 2 and 4). Figure 5 
displays the tracks of all TCs of tropical storm strength or 
above for 1851-2008 that have passed within 50 km of six 
grid points set at 5˚ intervals from 45˚W - 70˚W along 
the 15˚N latitude line (Figure 5(g)). Similar patterns are 
displayed at all grid points; a set of relatively homo- 
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Table 1. Regional recurvature, NAO and monthly indices for continental landfalling tropical cyclones, grouped by intensity 
at landfall, grouped by intensity at landfall. The number of tropical cyclones in each set is shown in parentheses. 

 RI NAO MONTH 

  Unweighted Weighted Unweighted Weighted 

Tropical storms      

CA (33) 0.15 −0.54 −0.69 8.94 9.02 

GOM (122) 0.51 0.04 0.02 8.53 8.49 

FLOR (81) 0.79 0.22 0.21 8.58 8.58 

ATL (246) 1.41 −0.01 −0.01 8.70 8.72 

NLF (500) 1.11 −0.11 −0.15 8.94 8.95 

Hurricanes      

CA (23) 0.17 −0.43 −0.65 8.78 8.91 

GOM (88) 0.50 0.09 0.04 8.54 8.49 

FLOR (42) 0.75 0.33 0.31 8.56 8.65 

ATL (123) 1.40 0.00 −0.04 8.61 8.65 

NLF (296) 1.19 −0.11 −0.17 8.96 8.97 

Major hurricanes      

CA (12) 0.22 −0.58 −0.74 8.85 8.92 

GOM (40) 0.51 0.44 0.36 8.47 8.54 

FLOR (21) 0.71 0.65 0.58 8.81 8.87 

ATL (17) 1.10 −0.07 0.10 8.73 8.76 

NLF (86) 0.97 −0.14 −0.18 8.85 8.83 

 

 

Figure 5. Tracks of all TCs since 1851 passing within 50 km of six grid points at tropical storm strength and above. The 
geographical location of these grid points, which occur at 5˚ intervals along the 15˚N parallel from 70˚W - 45˚W are displayed 
as dots in (g). Lowercase letters below the dots correspond to the box number in the top figures. 
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genous tracks approaching from the eastern Atlantic, 
followed by a large fanning of tracks to the west. From 
70˚W - 55˚W every grid point set contains TC tracks that 
fall into all landfall group from CA through NLF 
(Figures 5(a)-(d)); for 50˚W and 45˚W (Figures 5(e) 
and (f)) tracks cover landfall regions GOM through NLF, 
demonstrating that point of origin and early track lo- 
cation are very poor predictors of landfall location, other 
than for CA storms, which form farther to the southwest. 
It seems clear that track shape plays an important role in 
determining if and where a TC makes landfall. At all grid 
points, flatter tracks result in more southerly landfall, 
with increasing recurvature driving landfall northward, 
eventually eliminating landfall entirely. Locational fac- 
tors are also important as earlier (more easterly) recur- 
vature has the same effect, indicating that, in general, 
landfall location is highly dependent upon the degree of 
recurvature and the longitude at which recurvature begins 
to dominate. This suggests that steering mechanisms con- 
stitute the principal control over landfall location. The 
atmospheric feature most commonly associated with this 
steering is the Bermuda High (BH) [8,12]. 

The NA circulation is dominated by a set of distinct 
atmospheric structures, lying in roughly parallel sequen- 
tial latitudinal belts. The Intertropical Convergence Zone 
(ITCZ), characterized by high temperature, high precipi- 
tation and rising air, is situated at the lowest latitudes. 
Poleward of the ITCZ is the subtropical high pressure 
ridge. The point of highest pressure within this belt is 
referred to as either the Bermuda (BH) or the Azores 
High (AH). Although BH and AH display some differ- 
ences in the winter, they are basically interchangeable 
during the summer months [25]. In this paper we use the 
term BH as we are generally concerned with conditions 
during the hurricane season. Farther north is a low pres- 
sure zone, the central node of which is the Icelandic Low 
(IL). The BH and IC are often referred to as the “action 
centers” of the NA [26-28]. The Polar High is found at 
the highest latitudes. 

On an annual basis, this system moves as a unit, with 
the components drifting north and south in rough parallel, 
following the apparent movement of the sun. During the 
boreal winter this moves the BH equatorward, resulting 
in the December to May dry season in the Caribbean and 
Central America, as the accompanying zone of subsiding 
air leads to frequent atmospheric inversions, increased 
trade wind strength and generally dry conditions in the 
region [29,30]. In June the region’s wet season begins as 
the BH moves north out of the area and the ITCZ ap- 
proaches from the south, and conditions become domi- 
nated by uplift, condensation, and precipitation [25,26, 
29-32]. There is also a zonal aspect to the movement, 
with the BH migrating eastward from July through Sep- 
tember, before a return to the southwest beginning in 

October [26,28,32]. Generally, a higher central pressure 
for the BH correlates to a northeastern, and a lower cen- 
tral pressure to a southwestern position [26,28]. 

The circulation system is driven by the pressure and 
wind gradients between these four features. The clock- 
wise rotating BH generates the northeasterly trade winds 
off the south flank and the mid-latitude westerlies off the 
north, with the strength of these zonal winds controlled 
to a great extent by the pressure gradient between the BH 
and the adjacent low pressure system [26-28]. In the 
mid-latitudes this gradient is quantified by the NAOI, 
which is the normalized pressure difference at sea level 
below the BH and the IL [32-34]. The NAO tend to os- 
cillate between strong and weak states, reflecting the 
“seesaw” nature of the relationship between the BH and 
IL [8], with a stronger NAO correlating to a northeastern 
location for the BH and a more northeasterly-southwesterly 
tilt in wind direction [26,28,31]. Because NAO intensity 
is such a key feature of the NA circulation system we use 
NAOI values rather than the central pressure of the BH 
in order to capture both general circulation strength and 
BH intensity. Large NAOI values correspond to a 
stronger BH and an intensified circulation. Due to the 
correlation between a strengthened BH and a northeast 
position, NAOI values can also be used as a rough proxy 
for BH location.  

Because TCs cannot plow through the middle of the 
BH, they curve around the outside, with position and 
shape of track recurvature reflecting the approximate 
position and strength of the BH. NAOI and RI values 
should therefore have a positive relationship, with a 
steeper meridional pressure gradient driving increased 
recurvature around the BH. Spatially, the position of the 
BH should exert a major control over location of recur- 
vature, and, consequently, landfall. Northern location of 
the BH (high NAOI values) will tend to result in more 
northerly track location, which will increase recurvature 
due to both the heightened pressure gradient and the in- 
creased effect of the mid-latitude westerlies. Conversely, 
a southwestern location (low NAOI values) will move 
tracks to the south, resulting in flatter tracks and reduced 
recurvature as the TCs remain equatorward of the west- 
erlies. Temporally, due to the seasonal migration of the 
BH, time of occurrence is important. Therefore, landfall 
in northern areas should correlate with higher RI and 
NAOI values, a stronger BH, and/or a northern position 
(July-September), while southern landfalls should corre- 
spond to low RI and NAOI values, a weaker BH and/or a 
southwestern location (October-November). 

Our data supports this theoretical analysis. RI values 
increase progressively by regions from CA through ATL, 
indicating that the northern migration of landfall corre- 
lates with increasing recurvature (Table 1), with the in- 
creasing NAOI values from CA through FLOR suggest-  
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ing that this movement is driven by progressively 
stronger BH (Table 1, Figure 4). For the ATL and NLF 
TC sets the reduction, first in intensity and then in recur- 
vature, may well be due to positional effects. The 
monthly occurrence indices indicate that average landfall 
moves to the north/east over the season for GOM through 
NLF, following the position of the BH, with the latest 
average landfall occurring in CA, after the BH has 
moved back to the southwest. It should be noted that this 
is only in regard to Cape Verde-type TCs; the average 
landfall dates for West Caribbean TCs are different. 

A general landfall pattern can therefore be described 
for Cape Verde-type TCs. During the cyclone season, 
landfall gradually creeps eastward across the GOM 
through FLOR to ATL, associated with increasing re- 
curvature and/or strength of the BH which is itself mov- 
ing northward and eastward. As the BH moves farther 
east, due to the north-south orientation of the continental 
coastline, positional rather than recurvature/intensity 
factors dominate landfall location, with first NAOI and 
then RI values falling as the TC tracks move offshore. 
Late in the season, the sudden southwestern movement of 
the BH results in an upsurge in landfall along CA, char- 
acterized by extremely flat tracks associated with very 
weak BH. 

Of particular interest are the possible effects of the 
movement of the BH over millennial timescales. The 
latitudinal position of the NA circulation system is 
largely controlled by the pole-equator temperature gra- 
dient. Cold periods steepen this gradient, driving both the 
ITCZ and the BH southward, while the gradient relaxes 
during warm periods, resulting in a poleward movement 
of the features [35-42]. Given the steering controls ex- 
erted by the BH, this climate-driven latitudinal migration 
of the circulation system possibly plays a significant role 
in the location of NA TC landfall over long timescales. 
The observed level of hurricane activity has not remained 
static across the North Atlantic over the late Holocene, 
but has been punctuated by multi-centennial to millennial 
scale periods of hyperactivity [43-56]. Along the north- 
ern GOM the landfall frequency of major hurricanes in- 
creased as much as fivefold during hyperactive periods 
[44, 49]; similar and/or higher rate changes have been 
recorded for other areas [48,53-55]. Researchers have 
argued that this landfall pattern is driven by long-term 
changes in the average position/strength of the ITCZ 
and/or BH [44,49,53-55,57]. It seems highly likely that 
the TC belt, located between the ITCZ and the BH mi- 
grates along with those features. Assuming that steering 
controls have remained relatively constant, this latitu- 
dinal movement could result in increased landfall in the 
north during warm periods and in the south during cool 
periods. A recent study correlating the frequency of  

landfall of major hurricanes with the average latitudinal 
position of the ITCZ supports this view, finding that 
landfall frequency increased dramatically in the southern 
Caribbean during the Little Ice Age (LIA) [55]. The am- 
plitude of the temperature change (~2˚C) associated with 
the LIA is equal to or less than the temperature increase 
projected to occur over the next few centuries as a result 
of anthropogenic carbon emissions [58-60]. This sug- 
gests that the current warming will lead to at least an 
equivalent level of change, marked by significant north- 
ern movement of the average annual location of the BH, 
and a subsequent northern movement of NA TC tracks, 
resulting in an increase (decrease) in TC landfall along 
the Atlantic (Gulf) coast of North America. 

5. Conclusions 

This study examined the spatial relationship between the 
NAO and NA TCs by classifying tracks by landfall 
location. Tracks of all Cape Verde-type TCs from 1851- 
2008 that achieved wind speeds > 35 knots were exa- 
mined, and then subdivided by intensity (within the 50 
km coastal buffer for landfalling and coastal storms or 
over the life of the storm for nonlandfalling storms). The- 
se landfall groupings form coherent regional sets, with 
the regionally-specific spatial patterns remaining consi- 
stent throughout the three intensity levels.  

The interregional changes proceed in a consistent 
pattern. TCs making landfall along the Central American 
coast display extremely flat path shapes, with recurvature 
increasing progressively through the southern and nor- 
thern Gulf of Mexico, Florida, and up the Atlantic sea- 
board, after which the degree of recurvature relaxes 
slightly for non-landfalling TCs. 

Apart from TCs making landfall along the coast of 
Central America amplitude of recurvature and the longi- 
tude of its initiation are more important than point of 
origin and early track location in controlling the location 
of landfall. Both of these controls appear to be connected 
with features of the BH. Longitude of initiation of recur- 
vature can be correlated with the position of the BH, 
while the amplitude of track recurvature can be corre- 
lated with the strength of the BH, as represented by 
NAOI values. These features are related, due to a general 
correspondence between position and intensity of the BH, 
with a strong (weak) BH corresponding to a northeast 
(southwest) position.  

As BH position and strength appear to be an important 
control over landfall location, long term changes in the 
latitudinal position of the BH might explain the observed 
millennial-scale variability in North Atlantic hurricane 
activity. Global warming will likely result in a northerly 
shift in TC tracks and an increase in Atlantic coast land- 
falls. 

Copyright © 2013 SciRes.                                                                                AJCC 
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