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Tropical cyclones shift poleward more over Land than over Ocean
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Abstract: The latitudes of all Northern Hemisphere tropical cyclones (TCs) from the National
Hurricane Center (NHC)/Joint Typhoon Warning Center (JTWC) best track data are used to
investigate their poleward migration from 1970 to 2017. The annual means of the track latitudes
are calculated for tropical storms, hurricanes/typhoons, and all storms over land and ocean,
respectively. The analysis of the annual time series shows that TCs have shifted poleward more
over land than over ocean, particularly for strong hurricanes and typhoons. For TC landfall, the
analysis show hurricanes and typhoons made landfall gradually towards higher latitudes from
1970 to the early 2000s, and then the poleward trend levels off. The complexities of the poleward
shifts are further compounded by the fact that the shifts are non-uniform from basin to basin. The
predominant trend in the North Atlantic is the equatorward shift over ocean, while over the
western Pacific it is a poleward shift over land. Poleward shifts of tropical cyclone positions may
be attributable to the land-ocean contrast of surface temperature warming trends.

One Sentence Summary: Tropical cyclones shift poleward more over land than over ocean,
particularly for strong hurricanes and typhoons

Main Text:

Long term changes in tropical cyclone (TC) activity are one of the more important
aspects of climate change, and have gained considerable attention in the climate community (1-
4). One of the earliest studies was by P.J. Webster et al., who found that although the number of
TCs and TC days had decreased in all basins except the North Atlantic in the decade since 1995,
there was a great increase in the number and proportion of very strong cyclones (5). Since then,
more studies were conducted with other TC datasets for trends in TC activity, such as TC
frequency, intensity, longevity, and the potential destructive index (PDI) in regional basins or the
whole globe (6-10). Numerical simulations mostly indicate fewer tropical cyclones globally in a
warmer climate, but an increase in average cyclone intensity, precipitation rates, and the number
and occurrence days of very intense category 4 and 5 storms (11-14).

The long-term change of TC geographic distribution and the long-term shift of TC tracks is

another important aspect. It is of importance to know if climate change is causing TCs to be
experienced in parts of the world now free from them or to cease in regions they now trouble
(15). For long term shifts of TC geographic distribution, studies have shown that the annual
mean latitude of TC lifetime maximum intensity (LMI) is shifting toward the poles, with more
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storms reaching their maximum strength at higher latitudes (16). Further, the mean longitude of
TCs that first reached an intensity of 25 knots shows a westward shift for western North Pacific
TCs (17). The LMI reduced some uncertainties of individual cyclone intensity estimations in best
track data sets, and has been used to investigate the TC intensity and frequency trend, the rapid
intensification and the bimodal distribution of TC intensity (18-20), and the poleward shifts of
the latitudes where TCs approach their LMI (21-23).

However, as the LMI parameter uses only one latitudinal value for each TC, the rich information
of TC position as recorded in the best track data is under-utilized. For example, we have the best
track data for Hurricane Sandy in 2012 listed in Table S1 of the Supplementary Information (SI)
section and Hurricane Lisa in 2010 listed in Table S2. The LMI latitudes for Hurricanes Sandy
and Lisa are 20.05°N and 20.4°N, respectively, which are only 0.35 degree apart. Hurricane
Sandy reached its LMI latitude far to the south of the most impacted area in northeastern USA,
and was a land-falling storm. But Hurricane Lisa weakened quickly after reaching its maximum
intensity over ocean. These very close LMI latitudes hide the very different patterns illustrated
by Sandy and Lisa. Moreover, the landings of most TCs occur after their maximum intensity.
Therefore, it would be almost impossible to use the LMI parameter to investigate the climate
shift of TCs over land.

To utilize as much as possible the information provided by the TC best track data, we use the full
track latitudes to calculate their annual means. The computations are done separately for two
sub-categories of TCs: tropical storms (TS) with maximum wind (Vmax) from 34 to 64knots,
and hurricanes in the North Atlantic (NATL) basin and Eastern Pacific (EPAC) basin and
typhoons in Western Pacific (WPAC) basin with Vmax greater than 64knots, all denoted as HT.
Combining the groups of TS and HT is labeled as ALL (24). To further investigate the impacts of
land and ocean, the computations are also discriminated for these sub-categories using the
MOD44W MODIS Water Mask as the standard land/sea mask provided by Carroll et al. (25).

The 1970-2017 best-track datasets, 1970-2017 sea surface temperature data (SST), and 1979-
2016 skin temperature data (SKT), were used for this study. The annual mean values for SKT
and SST are calculated with June to October monthly means for each year. The SKT annual
mean time series are calculated over land and ocean, respectively, spanning latitudes from
Equator to 35°N. In addition, the first and the last 10-year averages of SKT and SST are
calculated to identify meridional and zonal shifts of surface temperature over land versus ocean
under the influence of global warming. These shifts might be a contributing factor for the
corresponding shifts of TC activity. The linear and quadratic curves are fit to the time series, and
a P-value test is used to check if the computed trends are statistically significant (26).

The annual mean latitudes of TC track positions from 1970 to 2017 calculated from the best
track data are shown in Fig. 1 for the NATL, EPAC and WPAC collectively, which covers the
entire Northern Hemisphere except the North Indian Ocean. The statistics over land (upper
panel) and over ocean (bottom panel) exhibit striking differences for the poleward trends.
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Especially for the HT sub-category of hurricanes/typhoons, there is a pronounced poleward shift
trend over land of 0.87° of latitudes per decade, which is statistically significant. However, the
same trend over ocean is only 0.19° per decade. For TS sub-category and ALL cyclones, the
poleward trends are also much larger over land than over ocean.

The intensities of hurricane/typhoon usually decrease at landfall or soon after. The obvious
poleward shifts of HT over land may be indicative that the landfalls of strong storms migrate
away from the Tropics, and toward higher latitudes in the Northern Hemisphere. Shown in the
bottom panel of Fig. 2 are landfall latitudes from the total of 855 individual land-falling storms
between the period of 1970 and 2017. Also shown in the upper panel of Fig. 2 is the annual
mean landfall latitudes and the corresponding linear and quadratic trends. There is an obvious
poleward shift trend, particularly from 1970 to the beginning of the current century, and it is
equally interesting to note the levelling off in the poleward shift of the annual mean landfall
latitude of the HT sub-category in the Northern Hemisphere since the early 2000s.

TC’s usually reach their maximum intensity (i.e. LMI) over ocean, and the trends of their
latitudinal locations are indicative of the TC migration more over ocean than over land. Shown in
the bottom panel of Fig. 3 are the latitudes from the total of 2992 individual storms between the
period of 1970 and 2017. Also shown in the upper panel of Fig. 3 is the annual mean of those
LMI latitudes and the corresponding linear and quadratic trends. It is quite a surprise that the
trend is negative with equatorward migration although the trend is not statistically significant.
The poleward migration of 16.04 kilometers per decade with 48year best track data from 1970-
2017 is quite different from the analysis by Kossin et al. (16) with 31year data from 1982 to
2012. To see the impact of time series length to trend analysis, the LMI trends have also been
estimated for 1982 to 2012 (upper panel of Fig. S1 in SI) and 1982 to 2017 (bottom panel of Fig.
S1in Sl), respectively, where the poleward shifts are 86.63 (consistent with Kossin et al.), and
52,86 kilometers per decade. The big trend swings come from using/not using the 1970s data
during that period LMI positions had much higher latitudes.

The observations shown in Figs. 1, 2 & 3 may be partly explained by the contrasting global
warming trends over land versus ocean, as shown in Fig. 4 for 1979-2016 annual mean time
series of ERA-Interim (ERAI) SKT anomalies over land (upper) and oceans (bottom) from the
Equator to 35°N. The land-ocean contrast of surface temperature changes is a well-known
phenomenon whereby large parts of the land surface undergo greater warming in response to
global warming than the ocean (27-29).

Despite large and statistically significant contrasting trends in the annual-mean latitudes of TC
positions over Northern Hemisphere land versus ocean, as well as the landfall latitudes of
hurricanes and typhoons, substantial inter-basin changes and interannual variabilities are evident.
For the NATL basin, there are small poleward shifts, which are statistically insignificant over
land, as show in the upper panel of Fig. S2. However, there were very significant equatorward
shifts over ocean (bottom panel of Fig. S2), opposite to the shifts for the three basins combined.
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The contrasting meridional shifts of the NATL may be attributable to the different expansion
directions of warm SKT over Eastern USA versus SST over the Atlantic Ocean as shown in Fig.
S5 and S6. The area of SST greater than 28°C expanded eastward and equatorward from the
1970s to 2010s over the Atlantic Ocean, whereas the SKT area of greater than 24°C in Eastern
USA expanded slightly poleward. For the WPAC basin, there is a pronounced poleward TC shift
trend over land, while TC position shift is not as big over the ocean (Fig. S3). Its corresponding
SKT and SST distributions are shown in Fig. S7 and S8. For the EPAC basin, land-falling TC
position shift and its discussion may be trivial due to limited data sample as well as land mass.
However, Fig. S4 shows overall the equatorward TC shift over ocean, which matches well with
SST warm area expansion direction near coastal Mexico in Fig. S8.

With 48years of best track data, TC activity is found to shift poleward more over land than over
ocean, particularly for strong hurricanes and typhoons. The averaged latitude of land-falling
hurricanes and typhoons moves gradually towards higher latitudes from 1970 to early 2000s, but
then the migration levels off. Meridional shifts of TC tracks are non-uniform from basin to basin.
This is quite different from the migration of the LMI, which is a good indicator of TC activity
over ocean. The predominant trend over the North Atlantic is the equatorward shift over ocean,
while the significant trend in the western Pacific is the poleward shift over land. The contrasting
poleward shifts of TC tracks over land versus ocean, as well as large inter-basin variabilities,
show the complexities of poleward migrations of TC activity. Poleward shifts of TC position
may be attributable to the land-ocean contrast of surface temperature warming trends and the
changing areas of relative high SST over ocean versus SKT over land.
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Fig. 1. 1970-2017 annual mean time series of TC latitudinal positions and their trends over land
(upper) and ocean (bottom) for 3 basins combined. The blue, red, and dark solid curves are for
TS, HT, and ALL storms, respectively. Dotted and dashed lines respectively show the best fit
linear and quadratic trends. The linear trend values are shown in the top of each panel with unit
degree per decade. All these trends are statistically significant at the 95% level.
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200

201 Fig. 2. 1970-2017 annual mean time series of TC landfall latitudinal positions and their trends
202 (upper), and the individual latitudinal positions of landfall for TCs (lower), for 3 basins

203 combined. Dotted and dashed lines respectively show the best fit linear and quadratic trends. The
204 linear trend is 0.57° per decade, which is statistically significant at the 95% level.



205

206

207

208
209
210

211

L) T
N 0.14°%decade | 16.04km/decade
(@]
-
T30} :
=

A N PP o N AV

S 20 EVAVS ARE
()
s

1055568083 88 92 96 00 04 08 12 16

Year
3'Balsihsl T T T T T T T T T T T T T T T T T T T

60 )
6-: O. .. ’ :. : . o .
= 40 003 ..o o "i NIRRT
© i!= !!: It , o . i'i ois:! . o..:=
S l \ittilii
”°|!|III|'I|||

[ ]
. 1 " o.|o o!!-

72 76 80 84 88 92 96 00 04 08 12 16
Year

Fig. 3. Asin Fig. 2, but for the TC LMI latitudes. The linear trend is only 0.10° per decade,
which is not statistically significant.
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Fig. 4. 1979-2016 annual mean time series of (ERAI) SKTA over land (upper) and oceans
(bottom) from the Equator to 35°N. The solid curve is for SKTA time series. Dotted and dashed
lines respectively show the best fit linear and quadratic trends. The linear trend values are shown
in the top of each panel with unit °C per decade, which are all statistically significant over 95%.
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Supplementary Information:

Table S1. Hurricane Sandy 18L 2012 best track data, where bold red is for wind speed at its

maximum, and bold blue is for speeds greater than 64 knots. The latitude of LMI for Hurricane
Sandy is 20.05°N, which was far to the south of the most impacted area in the northeastern USA.
Lat(°N) | Lon (°W) | Vmax(kts) | Date(yymmddhh) | Lat(°N) | Lon (°W) | Vmax(kts)
12102218 12.7 78.7 35 12102700 27.5 77.1 60
12102300 12.6 78.4 40 12102706 28.1 76.9 60
12102306 12.9 78.1 40 12102712 28.8 76.5 70
12102312 134 77.9 40 12102718 29.7 75.6 70
12102318 14.0 77.6 45 12102800 30.5 74.7 65
12102400 14.7 77.3 55 12102806 31.3 73.9 65
12102406 15.6 77.1 60 12102812 32.0 73.0 65
12102412 16.6 76.9 65 12102818 32.8 72.0 65
12102418 17.7 76.7 75 12102900 33.9 71.0 70
12102419 17.9 76.6 75 12102906 35.3 70.5 80
12102500 18.9 76.4 85 12102912 36.9 71.0 85
12102505 20.0 76.0 100 12102918 38.3 73.2 80
12102506 20.1 76.0 100 12102921 38.8 74.0 75
12102509 20.9 75.7 95 12102923 39.4 74.4 70
12102512 21.7 75.5 95 12103000 39.5 74.5 70
12102518 23.3 75.3 90 12103006 39.9 76.2 55
12102600 24.8 75.9 75 12103012 40.1 77.8 50
12102606 25.7 76.4 70 12103018 40.4 78.9 40
12102612 26.4 76.9 65 12103100 40.7 79.8 35
12102618 27.0 77.2 65 12103106 41.1 80.3 35

Table S2. As in Table S1, except for Hurricane Lisa 14L 2010. The latitude of LMI for
Hurricane Lisa is 20.4°N and it quickly weakened after reaching maximum intensity.

Date(yymmddhh) | Lat(°N) Lon Vmax(kts) | Date(yymmddhh) | Lat(°N) Lon (*W) | Vmax(kts)
(W)

10092100 16.8 31.9 35 10092400 17.9 28.0 35
10092106 17.3 31.8 40 10092406 18.3 271.7 40
10092112 17.7 31.7 40 10092412 19.0 27.6 50
10092118 17.8 31.5 40 10092418 19.7 21.7 60
10092200 17.6 31.3 35 10092421 20.0 21.7 65
10092206 17.3 30.9 35 10092500 20.4 27.8 75
10092212 17.3 30.4 35 10092506 21.3 28.0 70
10092218 17.4 30.0 30 10092512 22.3 28.3 60
10092300 175 29.7 30 10092518 23.2 28.6 50
10092306 17.5 29.3 30 10092600 24.0 28.8 40
10092312 17.5 28.8 35 10092606 24.8 28.9 35
10092318 17.6 28.3 35
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Fig. S1. The annual mean time series of the TC LMI latitudes and their trends for 1982-2012
(upper) and 1982-2017 (bottom) for 3 basins combined. Dotted and dashed lines respectively
show the best fit linear and quadratic trends. The linear trends are respectively 0.78° and 0.48°
per decade, which are statistically significant.
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234

235  Fig. S2. 1970-2017 annual mean time series of TC latitudinal positions and their trends over land
236 (upper) and ocean (bottom) for NATL. The blue, red, and dark solid curves are for TS, HT, and
237  ALL storms, respectively. Dotted and dashed lines respectively show the best fit linear and

238  quadratic trends. The linear trend values are shown in the top of each panel with unit degree per
239  decade.
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241 Fig. S3. As in Fig. S2 except for WPAC.
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Fig. S4. As in Fig. S2 except for EPAC. Note that there are so few EPAC TCs making landfalls
that the annual mean time series are not reliable for the trend analysis.
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Fig. S5. 10year annual mean of ERAI SKT over North America during the Northern Hemisphere
TC season for 1979-1988 (upper), 2007-2016 (middle), and the difference between 2007-2016
and 1979-1988 with blue indicating the area of averaged SKT greater than 24°C for 1979-1988,
and red for 2007-2016 (bottom).
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Fig. S6. 10 year annual mean of Pacific SST in Northern Hemisphere Hurricane/Typhoon season
for 1970-1979 (upper), 2008-2017 (middle), and the difference between 2008-2017 and 1970-
1979 with blue indicating the area of averaged SST greater than 28°C for 1970-1979, and red for
2008-2017 (bottom).
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Fig. S7. 10 year annual mean of ERAI SKT in Northern Hemisphere Hurricane/Typhoon season
for 1979-1988 (upper), 2007-2016 (middle), and the difference between 2007-2016 and 1979-
1988 with blue indicating the area of averaged SKT greater than 24°C for 1979-1988, and red for
2007-2016(bottom).
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Fig. S8. 10 year annual mean of Pacific SST in Northern Hemisphere Hurricane/Typhoon season
for 1970-1979 (upper), 2008-2017 (middle), and the difference between 2008-2017 and 1970-
1979 with blue indicating the area of averaged SST greater than 28°C for 1970-1979, and red for
2008-2017 (bottom).



