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Abstract In this study, we examine the seasonal and inter-
annual variability of the North Atlantic (NATL) tropical
cyclone (TC) motion from the historical Hurricane Database
(HURDAT?2) over the period 1988-2014. We characterize
these motions based on their position, lifecycle, and seasonal
cycle. The main findings of this study include: (1) of the
11,469 NATL TC fixes examined between 1988 and 2014,
81% of them had a translation speed of < 20 mph; (2) TCs
in the deep tropics of the NATL are invariably slow-moving
in comparison with TCs in higher latitudes. Although fast-
moving TCs (> 40 mph) are exclusively found north of 30 N,
the slow-moving TCs have a wide range of latitude. This
is largely a consequence of the background steering flow
being weaker (stronger) in the tropical (higher) latitudes
with a minimum around the subtropical latitudes of NATL,;
(3) there is an overall decrease in the frequency of all cat-
egories of translation speed of TCs in warm relative to cold
El Nifio Southern Oscillation (ENSO) years. However, in
terms of the percentage change, TCs with a translation speed
in the range of 10-20 mph display the most change (42%) in
warm relative to cold ENSO years; and (4) there is an overall
decrease in frequency across all categories of TC translation
speed in small relative to large Atlantic Warm Pool years,
but in terms of percentage change in the frequency of TCs,
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there is a significant and comparable change in the frequency
over a wider range of translation speeds than the ENSO com-
posites. This last finding suggests that Atlantic Warm Pool
variations have a more profound impact on the translation
speed of Atlantic TCs than ENSO.

1 Introduction

The interest in understanding the variations of the North
Atlantic (NATL) Tropical Cyclone (TC) activity has
grown with the rise in TC activity beginning in the mid-
1990s (Goldenberg et al. 2001; Holland and Webster 2007,
Klotzbach and Gray 2008; Mei et al. 2014) and the levels
of destruction caused by some of the more recent NATL
TCs (Kozar et al. 2016). Several metrics have evolved over
time to measure the low frequency variations of the sea-
sonal NATL TC activity. These include annual frequency of
NATL TC (Gray 1968, 1984a), seasonal track density (Xie
et al. 2005), TC genesis (DeMaria et al. 2001), accumulated
cyclone energy (Bell et al. 2000), power dissipation index
(Emanuel 2005) and track-integrated kinetic energy (Misra
et al. 2013). Many of the factors influencing these metrics
have been well studied using both observations and model
integrations that have highlighted the role of the large-scale
environment, internal TC dynamics, and their interactions
in the evolution of these metrics. The influence of the large-
scale variations of the El Nifio Southern Oscillation (ENSO;
Gray 1984b; Vitart and Anderson 2001), North Atlantic
Oscillation (NAO; Elsner et al. 2000); Atlantic Meridional
Mode (AMM; Vimont and Kossin 2007), and Atlantic Warm
Pool (AWP) variations (Wang et al. 2006) on the NATL TC
activity has dominated on the interannual scales. Similarly,
decadal variation of the NATL TC has also been attributed
to some of the familiar natural variations on decadal time
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scales (Goldenberg et al. 2001; Bell and Chelliah 2006;
Klotzbach and Gray 2008; Mei et al. 2014).

In this study, we are examining the climatology and the
interannual variations of the translation speed of NATL TCs.
It is appropriate to examine the climatological features of the
translation speed of the NATL TCs given the relatively long
period of observations of TC fixes in the NATL basin (http://
www.nhc.noaa.gov/data/#hurdat). The translation speed of
the TC depends primarily on the steering (large-scale envi-
ronment) flow (Chan and Gray 1982). But the interaction
of this large-scale flow with the circulation of the TC, in
addition to its genesis location, also plays a vital role in the
translation of a TC (Fiorino and Elsberry 1989; Elsberry
1995; Chan 2005). Despite the complexity of the processes
involved in the translation of a TC, we seek to understand the
seasonality and the variations of the translation speed given
the success of past studies in relating the track density of
NATL TCs to natural climate variations (Kossin et al. 2010;
Mei et al. 2014). In a recent study, Mei et al. (2012) find
that storm intensity correlates with translation speed. They
suggest that this correlation is evidence of the significant
control that translation speed of the TC can exert on modu-
lating its intensity by affecting the negative feedback on the
TC-induced SST reduction. They also imply that progress
in the improvement of track prediction will likely lead to
improvement in TC intensity prediction.

Therefore, the focus of this study at interannual scales
will be to examine the influence of ENSO and AWP varia-
tions on the translation speed of NATL TCs. It has been well
documented that ENSO has a significant influence on NATL
TC motion (Bove et al. 1998; Colbert and Soden 2012). For
instance, Bove et al. (1998) found that the probability of US
landfalling hurricanes reduced during El Nifio years com-
pared to La Nifia years. Colbert and Soden (2012) analyzed
relationships between environmental steering flow and TC
tracks, revealing that the NATL TC tracks are directly influ-
enced by the location and intensity of the North Atlantic
Subtropical High (NASH). Colbert and Soden (2012) indi-
cated that straight-moving and recurving landfalling NATL
TCs are associated with a westward extension and intensi-
fied NASH, whereas recurving ocean TCs are associated
with the NASH’s weakening. Similarly, they showed that
during cold ENSO events, NATL TCs travel farther west
than during warm ENSO events. The NAO is also found
to influence Atlantic TC tracks (Elsner et al. 2000, 2006).
However, Colbert and Soden (2012) found that the NAO
had an insignificant effect on those TC tracks that had their
genesis in the Atlantic main development region (the region
between 10°N-20°N, 17.5°W-65°W).

The AWP variation has also been found to have an influ-
ential role on the NATL TC activity (Wang et al. 2006,
2008, 2011). In fact, it is shown that the influence of the
AWP variation on the annual NATL TC count is stronger
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Fig. 1 The frequency distribution of translation speeds (mph) of
North Atlantic TCs from 1988 to 2014

Table 1 The number of

TC fixes by month from the
Extended Best Track (EBT) TJune 461
data for the 1988-2014 period

Month Number of fixes

(Demuth et al. 2006) July 1069
August 2805
September 4414
October 2036

November 684

than that of the ENSO (Misra et al. 2014). The AWP is a
warm body of water (delineated by the area enclosed by the
28.5 °C isotherm) over the surface of the Caribbean Sea,
Gulf of Mexico, and parts of the Western North Atlantic
Ocean (Wang and Enfield 2001). The area of the AWP peaks
in late September (Misra et al. 2014) and coincides with the
seasonal peak of the NATL TC activity. The areal coverage
of the AWP exhibits significant interannual variations (Wang
and Enfield 2001; Wang et al. 2006; Misra et al. 2014).
Wang et al. (2006) show that years with a large seasonal
mean AWP area are associated with a weakened NASH and
increased atmospheric convection and cloud cover over the
AWP region. As a result, this corresponds to a weak tropo-
spheric vertical wind shear and a deep warm upper ocean,
thus making the large-scale environment conducive for an
active NATL TC season. Wang et al. (2011) also show that
the AWP influence on the NASH has significant bearing on
the steering flow of Atlantic TCs, resulting in the likelihood
of fewer (more) US landfalling TCs along the eastern sea-
board during large (small) AWP years.

2 Datasets

The data used to calculate the translation speeds of NATL
TCs were obtained from the National Hurricane Center’s
North Atlantic hurricane database version 2 (HURDAT?2;
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Landsea and Franklin 2013). HURDAT? provides TC fixes
(position based on latitude and longitude coordinates) at
6-h intervals. Although this dataset is available since 1851,
we have used it for the period 1988-2014 to overlap with
upper air datasets used from other sources and the fact that
reconnaissance aircraft data were also used in this period,
thereby increasing the reliability of the TC fixes. In addition,
we used the Climate Forecast System Reanalysis (CFSR;
Saha et al. 2010) to examine the composites of the upper air
circulation. This reanalysis is available from 1979 to 2010
at approximately 0.5° resolution globally at daily intervals.

20.0

30.0 50.0

Latitude (°N)

%0.0

We also made use of sea surface temperature (SST) data fol-
lowing the Optimally Interpolated SST version 2 (OISSTv2;
Reynolds et al. 2007), available at 1° x 1° grid resolution at
monthly interval from 1981 to the present.

3 Methodology

The latitude and longitude coordinates of the TC fix were
used to calculate the changes in north—south and east—west

Table 2 The years used in

. A Warm ENSO years Cold ENSO years Large AWP years Small AWP years

making composites of TC

traélslalt(iiog ;Iljsecf;ds for thedwarm 1991 [0.8] 1988 [ 1.3] 1998 [1.5] 1988 [ 1.4]

f‘;‘rggzn demll Zf;{f ;:m e 1997 [1.8] 1998 [— 1.0] 2005 [1.8] 1989 [ 2.0]

indicated 2002 [1.0] 1999 [~ 1.1] 2009 [1.2] 1991 [- 2.3]

2004 [0.6] 2007 [- 0.8] 2010 [2.7] 1992 [~ 2.7]

2009 [0.7] 2010 [- 1.2] 2011 [1.2] 1994 [- 1.7]

2012 [1.2] 2000 [— 1.2]

2014 [1.2] 2001 [— 1.2]

The magnitude of the Nifio3.4 SST anomalies (in °C) in bold [italics] for the warm [cold] ENSO years and
anomalous area of the warm pool (in million kmz) in bold [italics] for anomalous large [small] AWP years
are indicated in the brackets of the respective columns of the Table
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Fig. 3 Composites of (June—
November) SST anomalies (°C)
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speed components of the TC, respectively. Similarly, the
meridional translation speed of the TC is obtained by sub-
tracting the TCs initial latitude position from its final posi-
tion over the 6-h interval.

As this study deals with synoptic scales, the curvature of
the Earth must be accounted for in computing these transla-
tion speeds. The following arc length formula was used in
calculating the meridional distance (AY) traversed across a
given time interval:

AY = R, Ao, ()
where Ag is the change in latitude and R, is the average
radius of the Earth (= 3440.065 nautical miles). However,
lines of longitude converge towards the poles over a sphere.
The distance between lines of longitude is not constant when
moving in the north—south direction. Furthermore, the per-
pendicular distance from Earth’s vertical axis of rotation to a
point on the surface is also latitude-dependent, generating a
varying radius when calculating the east—west distance (AX)
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between two fixes. The zonal distance traversed by the TC
on a sphere (AX) is again given by the arc length formula as:

AX = R, A4, )

where A4 is the change in longitude and R, is the latitude-
dependent radius from the Earth’s axis of rotation given by:

Ry, = R, cos(). 3)
Lastly, the net distance traversed by the TC is computed
using the haversine formula:

A
AS = 2R, sin™! \/Sin2 <7¢> + cos @, cos @, sin’ <%> ,

“
where ¢, and ¢, are latitudes at initial and final position
of the TC fix over a given time (6-h) interval, respectively.
Because AX, AY, and AS are all distances traveled over a
6-h time period (in our case), they are eventually converted
to more familiar units of miles per hour (mph).
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Fig. 4 The frequency distribution of translation speed of North
Atlantic TCs for a cold and b warm ENSO years. ¢ The fractional
change in the frequency of TCs for cold relative to warm ENSO
years. The gray bar indicates the fractional change in that speed range
passes statistical significance test at 10% significance level according
to 7 test

4 Results
4.1 Climatology

In Fig. 1, we show the frequency distribution of the transla-
tion speeds of the NATL TCs. There were 11,469 fixes over
the time period of 1988-2014 available from HURDAT?2
(Table 1) that were used in computing the frequency dis-
tribution (Fig. 1). As shown in Fig. 1, TCs with translation

speeds in the range of 10-20 mph are the most frequent,
followed by TCs with speeds lower than 10 mph. Between
these two ranges of translation speed, they account for about
81% of all TC fixes in the NATL during the time period of
1988-2014. Another 18% of the TC fixes fall in the speed
range of 20-60 mph.

The distribution of the translation speed of TCs with
month of the year (Fig. 2a) and latitude (Fig. 2b) reveals
some interesting features of the NATL basin. For instance,
the slower-moving TCs (< 20 mph) are most prevalent in
the peak months of season (August—September—October;
Fig. 2a). Further, a significant majority of the faster-mov-
ing TCs (> 20 mph) also occur in the peak of the season
(August-September—October; Fig. 2a). However, these
comparatively slow-moving TCs occur over a wide range
of latitudes and are not necessarily confined to the tropics
(Fig. 2b). For example, some of the extra-tropical cyclones
in the high latitudes display slow translation speed. It is
noteworthy that majority of the faster-moving TCs (40-60
and > 60 mph) occur north of 30°N. This is despite the fact
that the size of the NATL TCs has a seasonal peak in Sep-
tember (Misra et al. 2013). In other words, the dominance
of the background steering flow of the stronger westerlies in
the higher latitudes overcomes the inertia of the larger-sized
TCs and therefore dictates the seasonal peak of the transla-
tion speeds of the TCs. Given the seasonality of mid-latitude
storm tracks and the increased likelihood of equatorward
intrusions of mid-latitude synoptic systems, it is not sur-
prising that the fast-moving NATL TCs coincide with the
increased frequency of recurving TCs found in the higher
latitudes of NATL (Hart and Evans 2001).

4.2 Influence of ENSO variations

As noted earlier in the introduction, ENSO has one of the
most well perceived influences on the NATL TC variations.
In this study, we have isolated the five strongest El Nifio
(warm ENSO) and five coldest La Nifia (cold ENSO) years
based on their Nifio3.4 SST anomalies (Table 2) to contrast
the translation speeds of the NATL in those seasons. The
composite anomalies of the warm and cold ENSO years
indicated in Table 2 are shown in Fig. 3. The warm and
cold composite SST anomalies are comparable in magnitude
(Fig. 3).

Overall, there is a net reduction in the number of TCs
in the NATL in warm relative to cold ENSO years, which
is also reflected in the composite frequency distribution
of the translation speeds (Fig. 4). We observe an increase
in the frequency of TCs across all speed ranges in cold
ENSO years (Fig. 4a) compared to the warm ENSO years
(Fig. 4b). The largest relative increase in frequency of
71% (Fig. 4c) in cold ENSO years is in the speed range of
10-20 mph, which had the highest sample size to begin
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Fig. S The composite track density (number of TCs per 2° x 2° cell) of TC translation speed in the range of a—¢ 0—10 mph, d—f 10-20 mph, g—i
20-30 mph, and j-1 30—40 mph for a, d, g, j cold, b, e, h, k warm, and ¢, f, i, 1 cold minus warm ENSO years

Table 3 The median latitude and longitude of the TC fixes with the various translation speed ranges plotted in Fig. 5 based on cold and warm

ENSO composites

Composite < 10 mph 10-20 mph 20-30 mph 30-40 mph
Cold 22.2°N, 62.8°W 21.0°N, 75.9°W; Fig. 5a 20.8°N, 62.05°W; Fig. 5d  27.2°N, 54.9°W; Fig. 5¢  41.3°N, 53.3°W; Fig. 5j
Warm 28.1°N, 64.9°W 28.1°N, 71.2°W; Fig. 5Sb  25.4°N, 60.7°W; Fig. 5¢ ~ 34.5°N, 60.5°W; Fig. 5Sh ~ 40.8°N, 57.5°W; Fig. 5k
Cold-warm —5.9°N, —2.1°W  —7.05°N, 4.7°W; Fig. 5c  — 4.6°N, 1.35°W; Fig. 5f —7.3°N, — 5.6°W; Fig. 51 0.5°N, — 4.2°W; Fig. 51

with (Fig. 1) and also found over a wide range of latitudes
(Fig. 2b). This is, however, followed by fractional increase
of 23 and 17% in the 30-40 and < 10 mph range of transla-
tion speeds of TCs, in cold relative to warm ENSO years,
respectively. It may be noted that the fractional change
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outside of the 10-20 mph speed range is statistically
insignificant.

The track density (number of TCs per 2° X 2° cell) in
the most frequently occurring translation speed ranges (see
Fig. 1; < 10, 10-20, 20-30, and 30—40 mph) for cold, warm
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ENSO years and their difference is displayed in Fig. 5. It
should be noted that the slower-moving TCs (< 10 mph) are
more frequent in the deep tropics (subtropics) in cold (warm)
ENSO years (Fig. Sa—c; Table 3). The southward (westward)
shift in the median latitude (longitude) of the distributions
cold (Fig. 5a) vs. warm (Fig. 5b) ENSO years is clearly vali-
dated in Table 3 for the slower-moving TCs (< 20 mph).
Similarly, a southward (slight westward) shift of median lati-
tude (longitude) is also observed for TCs in the translation
speed range of 10-20 mph between cold and warm ENSO
years (Fig. 5d—f; Table 3). Even at the 20-30 mph range, we
observe a southward but an eastward shift from a cold to a
warm ENSO event (Fig. 5g—i; Table 3). In the deep tropics,
relatively fast-moving TCs are expected to occur when the
trade winds are stronger than usual, which is likely to hap-
pen in cold ENSO years (Giannini et al. 2000). In the higher
speed range of 30-40 mph (Fig. 5j-1), which has a smaller

T
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statistically significant differences at 90% confidence interval accord-
ing to ¢ test are shown by bold vectors in d—f

sample size than the previous slower translation speeds
(Fig. 1), there is an increase in the frequency of extra-trop-
ical cyclones in the far northeastern Atlantic Ocean during
cold compared to warm ENSO years. The median changes
in the TC fix for this range of translation speeds in Table 3
suggest a more eastward shift from cold to warm ENSO
events and a slight southward shift in the median latitude.
These contrasts in the track density in Fig. 5 are under-
stood partially by examining the steering flow, defined by the
vertically averaged winds between 850 and 200 hPa (Dong
and Neumann 1986; Wang et al. 2011). In cold relative to
warm ENSO years, the steering flow pattern of stronger east-
erlies in the tropical latitudes and weaker westerlies in the
extra-tropical latitudes is notably evident in Fig. 6f. This
anomalous steering flow pattern in cold ENSO years would
imply an increased likelihood of the frequency of fast-mov-
ing TCs in the tropical latitudes compared to warm ENSO
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Fig. 7 The composite (June—
November) SST (in °C) for a
large and b small AWP years.
The years used in the compos-
ite are indicated in Table 2. ¢,
a—b

180

3
140E 160E 180

160W 140W 120W 100W 80W 60W 40W

160W 140W 120W 100W 80W 60W 40W

(c) Large(a)—Small(b) AWP

(a) Large AWP

20W

(b) Small AWP

= = ‘
40N A :
‘ 1
30N :
: ! . : 1/ 0.75
20N ‘ ! v ‘ ‘
10N 0.5
EQ -0.5
¢ >,
108 1 ‘ . -0.75
. \
208 1 RS -1
308 l : : } } } ; ‘ ; ; 15
140E 160E 180 160W 140W 120W 100W 80W 60W 40W 20W .

years. But despite a decreased strength of the steering flow
in the extra-tropics during cold ENSO years, we observe
an increased density of fast-moving TCs relative to warm
ENSO years (Fig. 5i, 1) owing to increased TC genesis in
the former years.

4.3 Influence of AWP variations

Variation in the size of the AWP (defined by the 28.5 °C)
isotherm has a profound effect on the NATL TC activity
(Wang et al. 2006). We base this analysis on composites of
the seven largest and seven smallest AWP years (Table 2)
occurring during the time period 1988-2014. Compared to
the ENSO years, the SST anomalies in the Atlantic from
AWP variations are not as large (Fig. 7c). However, vari-
ability in the spatial extent of the AWP discerned by the area
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enclosed by the 28.5 °C isotherm is apparent when compar-
ing Fig. 7a, b. Furthermore, comparing Figs. 3 and 7 clearly
demonstrates that the SST anomalies related to ENSO and
AWP variations are quite independent of each other.

The variability of the AWP is also manifested in Fig. 8,
which shows changes in the frequency distribution of the
translation speeds between small and large AWP years.
Similar to the contrast observed in warm and cold ENSO
years, Fig. 8 shows an overall decrease in the frequency of
TCs at all translation speeds from large to small AWP years.
Again, the largest difference in the frequency of TCs is at the
10-20 mph range (Fig. 8c), a range with the highest sample
size (Fig. 1). The decrease in frequency at the other transla-
tion speeds from large to small AWP years is slightly smaller
than the 10-20 mph range but are comparable to each other
(Fig. 8c). This is in contrast to the observed changes in the
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Fig.8 The frequency distribution of translation speed of North
Atlantic TCs for a large and b small AWP years. ¢ The fractional
change in the frequency of TCs for large relative to small AWP years
with gray bars indicating that it passes statistical significance test at
10% significance level according to ¢ test

frequency for ENSO composites that indicated the most
significant change in the 10-20 mph TC translation speed
and much smaller changes in other ranges of the translation
speed (Fig. 4c). This suggests that variation of the AWP
has a more profound impact on the NATL TC translation
speeds than ENSO variations as it affects TCs at all transla-
tion speeds.

The composite track density of NATL TCs at the four
most frequently sampled translation speeds for contrast-
ing AWP years are shown in Fig. 9 and the corresponding

median shift in the TC fix are indicated in Table 4. Like the
composites for contrasting ENSO years (Fig. 5), we observe
generally a southward shift of the TC density for all speed
ranges in large relative to small AWP years (Fig. 9¢, f, i, 1;
Table 4). The longitudinal shift in these AWP composites
is not as apparent except for the 20-30 mph range (Fig. 9i;
Table 4). The increased strength of the NASH in small rela-
tive to large AWP years results in the increased strength of
the tropical Atlantic easterlies (Wang et al. 2006), which
would then tend to increase the translation speed of the trop-
ical Atlantic TCs. This can also be seen in the composite
steering flow for the large (Fig. 10b) and small (Fig. 10c)
AWP years and their difference (Fig. 10f). We observe that
easterly steering flow in the tropics become weaker than
climatology in large AWP years (Fig. 10d). This is contrary
to small AWP years, when the easterlies become stronger
in the western tropical Atlantic Ocean while weaker in the
eastern Atlantic Ocean (Fig. 10e, f). In addition, in large
AWP years, there is far more genesis of Atlantic TCs that
also contributes to increased frequency of TCs at these
translation speeds (Fig. 9). Furthermore, it is apparent from
Fig. 10d (Fig. 10e) that the westerly steering flow in large
(small) AWP years in the western (eastern) subtropical
Atlantic Ocean, north of 25°N, becomes stronger (weaker)
with respect to climatology (Fig. 10d). This contributes to an
apparent eastward shift of the median longitude of the TCs
in the 20-30 mph (Table 4; Fig. 91).

5 Summary and conclusions

In this study, we analyzed the NATL TCs based on their
translation speed obtained from 27 years of TC fixes at
6-h intervals from HURDAT?2. The analysis revealed that
over the 27-year period, nearly 81% of the NATL TCs have
translation speeds less than 20 mph and another 18% of the
TCs in the speed range of 20—60 mph. In rare instances,
we observed extra-tropical cyclones with translation speeds
over 60 mph occurring in the higher latitudes. Many of the
fast-moving TCs (40-60 and > 60 mph) occur north of 30°N
and also occur during the peak of the TC season (September
and October).

The contrast between cold and warm ENSO years shows
that there is an overall increase in the frequency of TCs over
a wide spectrum of translation speeds in the former relative
to the latter years. However, a significant (71%) change in
the frequency of TC occurs in translation speed range of
10-20 mph, which also happens to be the range with the
highest frequency of TCs over the entire period from 1988
to 2014. The track density at various translation speed ranges
of the NATL TC indicates that the contrast between warm
and cold ENSO years is more apparent in the north—south
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Fig. 9 The composite track density (number of TCs per 2° x 2° cell) of TC translation speed in the range of a—¢ 0-10 mph, d—f 10-20 mph, g—i
20-30 mph, and j-1 30-40 mph for a, d, g, j large, b, e, h, k small, and ¢, f, i, | large minus small AWP years

Table 4 The median latitude and longitude of the TC fixes with the various translation speed ranges plotted in Fig. 9 based on large and small

AWP composites

Composite < 10 mph 10-20 mph 20-30 mph 30—40 mph
Cold 254°N, 61.1°W  25.0°N, 72.4°W; Fig. 9a  23.5°N, 59.7°W; Fig. 9d 27.2°N, 54.9°W; Fig. 9g  42.3°N, 46°W; Fig. 9j
Warm 28.0°N, 60.6°W  29.3°N, 71.8°W; Fig. 9b  24.45°N, 59.7°W; Fig. 9¢ ~ 31.6°N, 56.0°W; Fig. 9h  46.0°N, 46.1°W; Fig. 9k
Cold-warm  —2.6°N, 0.5°W  —4.3°N, 0.6°W; Fig. 9c  — 0.95°N, 0.05°W; Fig. 9f 1.6°N, — 3.5°W; Fig. 91  — 3.7°N, —0.1°W; Fig. 91

direction. That is, in cold (warm) ENSO years, there are
more frequent occurrences of TCs in tropical (subtropical/
extra-tropical) latitudes with translation speeds in the range
between < 10 to 30 mph. There is also a significant longitu-
dinal shift, with fast-moving (> 20 mph) TCs tending to shift
eastward in cold relative to warm ENSO years, while the

@ Springer

slower-moving TCs in the deep tropics showing a westward
shift in cold compared to warm ENSO years.

The comparison of large and small AWP years also shows
an overall increase in the frequency of TCs over a wide range
of translation speeds in the former relative to the latter years.
This difference in the frequency distribution of TCs across
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Fig. 10 a The mass weighted climatological steering flow. The mass
weighted composite mean steering flow for b large and ¢ small AWP
years. d, b — a, and e, ¢ — a. The units are in hPa ms~'. The statisti-

different translation speeds is comparable (~ 55% change)
up to a speed of 40 mph unlike the ENSO forcing, which
showed a preferentially large change only in the 10-20 mph
range. This indicates that the influence of AWP variations on
TC translation is more profound than ENSO. In addition, we
also show that the differences in the track density between
large and small AWP years manifest differently in differ-
ent speed ranges. For the slower-moving TCs (< 10 mph)
and fast-moving TCs (30—40 mph), the TCs shift southward
in large relative to small relative years. In the moderate
speed range (20-30 mph), there is a larger eastward shift
than the northward shift in large compared to small AWP
years. These shifts in the track density of TCs in large and
small AWP years can be explained by the modulation of the
genesis of TCs and NASH that serves as a steering flow for
the NATL TCs. There are more frequent TCs in the eastern
Atlantic during large AWP years, while in small AWP years
they occur more frequently in the western Atlantic. These
differences are largely on account of the eastward expan-
sion of the 28.5 °C isotherm in the tropical Atlantic with

cally significant differences at 90% confidence interval according to ¢
test are shown by bold vectors in d—f

associated changes in the large-scale circulation during large
relative to small AWP years. In such large AWP years, the
warmer SSTs in the eastern tropical Atlantic Ocean increase
the tropical cyclogenesis, while the steering flow decreases
the likelihood of US eastern seaboard landfall (Wang et al.
2011). In contrast, in small AWP years, the translation speed
of western Atlantic TCs increases as a result of stronger
easterly trades.
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