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1  Introduction

Kossin et  al. (2014) showed that in the past few dec-
ades (1982–2009) the large-scale environment of tropi-
cal cyclones has evolved over the tropics and subtropics. 
Indeed, favorable conditions for the development of tropical 
cyclones have migrated towards higher latitudes (vertical 
wind shear and potential intensity), moving from the trop-
ics closer to the subtropics. With a globally homogenized 
record of intensity (Kossin et al. 2013) and a global best-
track archive (Knapp et  al. 2010), they also demonstrated 
that the location where observed tropical cyclones reach 
their maximum intensity has been migrating towards higher 
latitudes. More recently, Kossin et al. (2016) used observa-
tions and simulations to examine the changes in lifetime-
maximum intensity and tropical cyclone exposure for the 
present and future climates over the western North Pacific 
Ocean. The projections of tropical cyclones were simu-
lated by, and downscaled from, an ensemble of numerical 
Coupled Model Intercomparison Project Phase 5 (CMIP5) 
models (Taylor et  al. 2012). They showed a poleward 
migration of lifetime-maximum intensity (LMI) latitude in 
the present century and continuing into the future using one 
of the representative concentration pathways (RCP8.5). A 
possible mechanism responsible for these global and local 
changes is the expansion of the tropics (Lucas et al. 2014), 
however this link has not been proved yet.

The current study expands on the findings by Kossin 
et al. (2014, 2016) by analyzing the possible origin of the 
poleward migration of the LMI latitude. More precisely, we 
would like to answer the following question: Is the pole-
ward migration of tropical cyclones’ LMI location related 
to a poleward migration in tropical cyclone genesis loca-
tion? Tropical cyclones are very sensitive to the large-scale 
environment both during their genesis and development 
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stage. A reasonable hypothesis is that the poleward migra-
tion of the favorable large-scale environment would modify 
not only the position where tropical cyclones reach their 
maximum intensity but also shift the location of tropi-
cal cyclone genesis to higher latitudes. A recent study by 
Colbert et al. (2013) showed that changes in the large-scale 
environment of tropical cyclones could modify the genesis 
location, leading to changes in the occurrence of recurving 
storm tracks.

Kossin et  al. (2014) argues that by restricting their 
analysis of tropical cyclone data to the lifetime-maximum 
intensity only, instead of the full storm track, mitigates 
the uncertainty existent in observed tropical cyclone data. 
In this study we consider observed tropical cyclone gen-
esis, therefore reintroducing some inherent uncertainty in 
our analysis. Indeed, the reliability of the tropical cyclone 
tracks archives is problematic as discussed in many studies 
(e.g. Kamahori et al. 2006; Lander 2008; Knapp and Kruk 
2010). One well known problem of observed TC tracks is 
the presence of data inhomogeneity due to the introduc-
tion of aircraft and satellite observations. Therefore, we 
will restrict our analysis to the period after 1980 in order to 
mitigate these biases. Another important issue is that sev-
eral centers use different averaging periods for measuring 
tropical cyclone wind speed, as well different thresholds 
for genesis. Here we will use a common global threshold 
in our definition of tropical cyclone genesis as explained in 
Sect. 2. As storms are more accurately monitored at their 
peak than at the beginning of their lifetime, when they 
are weaker, we are aware that considering observed tropi-
cal cyclone genesis data has its caveats. Therefore, we also 
analyze the possible changes in environmental variables 
and tropical cyclone genesis indices in order to increase the 
robustness and confidence of our results.

Previous studies have investigated the relationship 
between climate and tropical cyclone activity using indi-
ces that relate large-scale environmental conditions to 
the number of tropical cyclone genesis. These indices are 
known as genesis indices and are based on the empirical 
relationship between several environmental factors and 
the occurrence of tropical cyclone genesis. Gray (1979) 
developed the first genesis index, called genesis potential 
(GP) index. The predictors included sea surface tempera-
ture (SST), mid-level relative humidity, vertical wind shear 
and low-level vorticity to represent tropical cyclone genesis 
climatology. The index was able to reproduce key features 
of observed genesis climatology. Since then, several other 
indices have been created using different predictors or dif-
ferent functional dependences (DeMaria et al. 2001; Royer 
et  al. 1998; Sall et  al. 2006; Bye and Keay 2008; Kotal 
et al. 2009; Murakami and Wang 2010; Bruyère et al. 2012; 
Tang and Emanuel 2012; Holland and Bruyère 2014; Tang 
and Camargo 2014). In this study, we focus on two of these 

indices, the Genesis potential index (GPI) and the tropical 
cyclone genesis index (TCGI). Emanuel and Nolan (2004) 
developed the original GPI based on potential intensity (PI; 
Bister and Emanuel 1998) rather than SST in order to avoid 
the use of a specific threshold that could potentially vary 
with global warming. PI is the theoretical maximum inten-
sity that a tropical cyclone can reach under specific environ-
mental conditions as defined in Emanuel (1988). A revised 
version of the GPI, that is used in this study is described 
in Emanuel (2010). The main difference between the two 
versions of GPI is the dependence on water vapor, which 
included the relative humidity on the original GPI, but now 
considers the entropy deficit (Emanuel 2008). We also con-
sider the tropical cyclone genesis index, or TCGI (Tippett 
et al. 2011; Camargo et al. 2014). The original TCGI devel-
oped in Tippett et al. (2011) compares positively with the 
GPI. The main difference between the GPI and the TCGI is 
their different functional dependence; as the TCGI is based 
on a Poison regression, it has an exponential dependence 
on the environmental variables. Furthermore, the deriva-
tion of the TCGI can be reproduced and redone with any 
combination of environmental variables and observed TC 
data. Camargo et al. (2014) showed that in order to repli-
cate the projections of the reduction in the frequency of 
tropical cyclones under a warming climate, it was neces-
sary to use as predictors for the TCGI the column satura-
tion deficit and PI instead of relative humidity and relative 
SST, as considered in Tippett et  al. (2011). An intercom-
parison among four genesis indices including the GPI and 
the TCGI by Menkes et al. (2012) revealed that the impact 
of using different reanalysis datasets for deriving the indi-
ces is much weaker than using different indices. They also 
showed that the indices have some skill in representing the 
meridional distribution of genesis. With exception of the 
TCGI, genesis indices usually have a meridional distribu-
tion that is too broad extending too close to the Equator. 
On the other hand, the GPI has the best interhemispheric 
balance in the frequency of tropical cyclones. One impor-
tant drawback from these indices is that they only provide 
insights on the relationship between the large-scale envi-
ronment and tropical cyclone genesis, but do not include 
other important local influences, such as African easterly 
waves.

First, we examine the changes in the environment of 
tropical cyclones in the past three decades (1980–2013) 
in two reanalysis datasets to determine if there has been a 
poleward shift in the regions favorable for tropical cyclone 
genesis. Tropical cyclones genesis and intensification are 
influenced by environmental variables such as vertical 
wind shear, vorticity, humidity, SST and PI (Gray 1979; 
Emanuel 1988; Bister and Emanuel 1998). These large-
scale environmental variables could potentially evolve with 
the expansion of the tropics, and, therefore, modify global 



707Is the poleward migration of tropical cyclone maximum intensity associated with a poleward…

1 3

tropical cyclone activity. An increase (decrease) in PI, 
SST, vorticity or humidity (vertical wind shear) is known 
to be favorable (detrimental) for the formation of tropical 
cyclone activity. Therefore, we will examine if there has 
been a poleward shift in each of these variables since 1980. 
Second, we analyze the combined changes in environmen-
tal conditions by considering changes in the GPI and TCGI 
over 1980–2013, using the same two reanalysis datasets. 
Third, we use observations to examine the occurrence of 
a poleward shift in tropical cyclone genesis over the same 
time period.

In the next section, we describe the datasets employed 
and the genesis indices. In Sects.  3 and 4, we examine 
changes in environmental conditions over the last three 
decades over the tropics and subtropics using individual 
environmental variables and genesis indices, respectively. 
In Sect. 5 we use tropical cyclone observed tracks to deter-
mine if there has been a statistically significant poleward 
shift in tropical cyclone genesis over the last three decades. 
We summarize our results and state our conclusions in the 
last section.

2 � Data and methodology

2.1 � Observations

The International Best Tracks Archive for Climate Stew-
ardship (IBTrACS; Knapp et al. 2010) is the most complete 
archive of observed global tropical cyclone best track data-
set available online at https://www.ncdc.noaa.gov/ibtracs/. 
The main advantage of this archive is the consolidation of 
global tropical cyclone data from various centers at a cen-
tral location, available as a single file. The inclusion of data 
from 12 different agencies (see Table 1) introduces hetero-
geneities due to the differences in operational procedures 
and observing systems.

The selection of genesis points in the best track data 
over each basin is not a trivial procedure. Our choice for 
the definition of tropical cyclone genesis location is the first 
instance along each tropical cyclone track where the wind 
speed exceeds 40  knots, which is not the standard wind 
speed threshold for defining genesis. Usually values near 
35  knots are considered. As the uncertainty in the detec-
tion of tropical cyclones tends to be larger at lower wind 
speeds, a higher threshold values increases the confidence 
in our results without compromising them. We did test sev-
eral genesis wind speed thresholds and although there is a 
relationship between the threshold value and the amplitude 
of the latitude poleward trend, the sign and significance of 
the trend are not affected by our threshold choice.

2.2 � Reanalysis

Monthly mean data for two reanalysis data sets in the 
period 1980–2013 were considered here: the Modern-Era 
Retrospective Analysis for Research and Applications, or 
MERRA (horizontal resolution 0.75° latitude  ×  0.5° lon-
gitude and 42 vertical levels; Rienecker et  al. 2011) and 
European Centre for Medium-Range Weather Forecasts 
(ECMWF) interim reanalysis, named ERA-Interim (hori-
zontal resolution 0.75° latitude  ×  0.75° longitude and 37 
vertical levels; Dee et al. 2011). The period 1980–2013 was 
chosen by taking two issues: (1) the time period in which 
the best-track dataset is first considered reliable starts 
in 1980 (satellite era); (2) two time periods of the same 
length in these three decades: 1980–1996 and 1997–2013. 
Although reanalysis datasets adequately reproduce many 
mean patterns of the global climate, each reanalysis prod-
uct includes systematic errors (Reichler and Kim 2008). 
The reason for these differences is that reanalysis datasets 
assimilate data from various observational platforms into 
a numerical weather prediction model and each reanalysis 
dataset has a different spatial resolution, spans a different 

Table 1   List of the Regional 
Specialized Meteorology 
Centers (RSMC) and Tropical 
Cyclone Warning Centers 
(TCWC) participating in 
the WMO Tropical Cyclone 
Program

Region Description Links to centers (RSMC and TCWC)

I–II Atlantic and Eastern Pacific US National Hurricane Center (RSMC Miami)
III Central Pacific US Central Pacific Hurricane Center (RSMC Honolulu)
IV Northwest Pacific Japan Meteorological Agency (RSMC Tokyo)
V North Indian Ocean India Meteorological Department (RSMC New Delhi)
VI Southwest Indian Ocean Météo France (RSMC La Réunion)
VII–XI Southwest Pacific and South-

east Indian Ocean
VII: Australian Bureau of Meteorology (TCWC Perth)
VIII: Indonesian Agency for Meteorology (TCWC Jakarta)
IX: Australian Bureau of Meteorology (TCWC Darwin)
X: Papua New Guinea (TCWC Port Moresby)
XI: Australian Bureau of Meteorology (TCWC Brisbane)

XII–XIII South Pacific XII: Fiji Meteorological Service (RSMC Nadi)
XIII: Meteorological Service of New Zealand, Ltd. (TCWC 

Wellington)

https://www.ncdc.noaa.gov/ibtracs/
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time period and use different data assimilation schemes. 
More details on the differences between the reanalysis can 
be found in Nguyen et  al. (2013). Therefore, in order to 
validate a climate signal estimate, it is crucial to examine 
multiple reanalysis datasets (Thorne and Vose 2010). We 
also considered the National Center for Environmental Pre-
diction/ National Center for Atmospheric Research (NCEP/
NCAR) reanalysis in our analysis, however due to signifi-
cant biases in that dataset for upper tropospheric tempera-
tures and the potential intensity of tropical cyclones, as 
shown in Kossin (2015), we decided not to include those 
results here. The TCGI index was also calculated for the 
Japanese reanalysis dataset (JRA-55; Ebita et  al. 2011), 
but given that the patterns were very similar to the ERA-
Interim, these results are not shown here either.

2.3 � Genesis potential index

The formulation of the GPI as presented in Emanuel (2010) 
is:

where � is the absolute vorticity at 850 hPa, PI is the poten-
tial intensity, V

shear
 is the magnitude of the wind shear 

between 850 and 200 hPa. The parameter � is defined as

where s
b
, s

m
 are the moist entropies of the boundary layer 

(s
b
) and middle troposphere (s

m
), and s∗

0
 is saturated moist 

entropy at the sea surface (s∗
0
). The nondimensional param-

eter � is a measure of the moist entropy deficit of the mid-
dle troposphere, or entropy deficit. � becomes larger as the 
middle troposphere becomes drier.

2.4 � Tropical cyclone genesis index (TCGI)

The TCGI is constructed using a Poisson regression as 
described in Tippett et al. (2011). We used here the TCGI 
formulation discussed in Camargo et al. (2014):

where � is the expected number of tropical cyclones per 
month, � is the latitude, b is a constant and bn, bS, bPI, and 
bv are the Poisson regression coefficients. �, S,PI, and 
V
shear

 are, respectively, the “clipped absolute vorticity” at 
850 hPa in 105, the saturation deficit, PI, and vertical wind 
shear between 850- and 200-hPa levels in ms−1. The satu-
ration deficit is defined as the difference between specific 
humidity and its saturation value. The regression method-
ology provides an objective framework for the selection 
of four environmental variables for the index. One of the 
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original aspects of this index is the use of a “clipped vorti-
city” to account for the saturation of the low-level absolute 
vorticity at a certain threshold, as discussed in Tippett et al. 
(2011).

In order to allow a comparison between the indices (GPI 
and TCGI) derived from different reanalysis datasets, we 
used a spatial interpolation to a common 5° × 5° grid and 
a temporal calibrating factor, which considers the num-
ber of tropical cyclones over 20  years, assuming that the 
global number of tropical cyclones per year is 90. The unit 
for both indices is therefore: the number of TC genesis per 
20 years over a 5° × 5° grid.

3 � Changes in the environment

Figure  1 presents the differences between 1997 and 2013 
and 1980–1996 for MERRA, in entropy deficit � (Fig. 1a), 
PI (Fig.  1b), vertical wind shear (Fig.  1c), vorticity 
(Fig.  1d), skin temperature (Fig.  1e) and specific humid-
ity at 500 hPa (Fig. 1f). The black line indicates the 95% 
confidence level using a t test. Variables are averaged over 
the peak tropical cyclone seasons, in the Northern Hemi-
sphere during August–October (ASO) and in the South-
ern Hemisphere January–March (JFM). Figure  1 shows, 
in agreement with Kossin et  al. (2014), large significant 
changes in large-scale conditions for PI (Fig. 1b) and ver-
tical wind shear (Fig.  1c). A large significant decrease in 
entropy deficit (Fig. 1a) and PI (Fig. 1b) appears around the 
Equator, especially over the Pacific Ocean and slightly over 
the Indian Ocean. In parallel, a significant increase in PI 
is evident over the subtropics. For the vertical wind shear 
(Fig. 1c), there is a significant increase around the Equator 
for the Pacific and Indian Oceans as well, while a decrease, 
significant at some points, is observed over the subtropics 
for the Pacific Ocean. These results are consistent with the 
ones found for ERA-Interim (not shown). These signifi-
cant changes in entropy deficit, PI and vertical wind shear 
indicate a displacement of favorable conditions for tropical 
cyclone activity to higher latitudes, mainly over the Pacific 
Ocean. The North Atlantic basin changes in this period are 
significant but different from the Pacific and Indian Oceans, 
with an increase in PI (Fig. 1b) and a decrease in entropy 
deficit (Fig. 1a) and in vertical wind shear (Fig. 1c). There-
fore, in the North Atlantic basin, there is not a shift towards 
higher latitudes, but an expansion of the favorable condi-
tions over the tropical latitudes. Consistently with the PI, 
the skin temperature (Fig.  1e) and the specific humidity 
(Fig. 1f) increase significantly in the Pacific subtropics and 
decrease over the Pacific equatorial region, but only sig-
nificantly over the northern hemisphere tropical region. In 
contrast, the North Atlantic and the Indian Ocean, the skin 
temperature and the humidity show a significant increase 



709Is the poleward migration of tropical cyclone maximum intensity associated with a poleward…

1 3

over the tropics and/or subtropics. In the case of the vor-
ticity (Fig.  1d), the changes are more localized. Vorticity 
changes are very noisy, but there are regions with a signifi-
cant increase in vorticity on the tropics, such as the North 
Atlantic. Although the patterns for the vorticity, are not as 
clear as in the case of PI or the vertical wind shear, it could 
potentially contribute to the regional migration of tropical 
cyclone genesis location. Similar results are also found for 
ERA-Interim (not shown). In summary, favorable condi-
tions for tropical cyclone genesis (PI, vertical wind shear, 
skin temperature and specific humidity at 500  hPa) have 
shifted towards higher latitudes in the Pacific. In contrast, 
there is an increase in favorable conditions over the tropical 
North Atlantic, and a mixed picture in the Indian Ocean.

4 � Changes in genesis indices

4.1 � Tropical cyclone genesis indices climatology

Figure 2 shows the genesis indices and the observed gen-
esis density climatology for the period 1980–2013 in the 
peak tropical cyclone season in each hemisphere shown 
in units of TCs per 20  years per 5° grid box. The GPI 
climatology was calculated using the MERRA (Fig.  2a) 

and ERA-Interim (Fig.  2b) reanalysis, leading to very 
similar patterns and amplitudes, with a maximum in the 
North Atlantic, northeast and northwest Pacific, South 
Indian Ocean around 12, in the South Pacific around 
16 and 10 in the North Indian Ocean (in units TCs per 
20 years per 5° grid). As mentioned above, Menkes et al. 
(2012) showed that the main differences between tropi-
cal cyclone genesis indices are not due to differences in 
reanalysis datasets but rather on differences in the gen-
esis indices definitions. Indeed, some obvious differ-
ences appear between the GPI (Fig. 2a, b) and the TCGI 
(Fig.  2c) in the amplitude of the regional number of 
tropical cyclones. TCGI has higher values over most of 
the basins, with at least three more TCs per 20 years per 
5° grid box than the GPI when using the same reanaly-
sis. The values of the TCGI are close to the observed in 
the East Pacific, West Pacific, South Indian and eastern 
North Atlantic basins. On the other hand, in the South 
Pacific basin the TCGI overestimates the number of num-
ber of TCs, while the GPI is closer to the observations. 
Both GPI and TCGI produce an unrealistic, continuous 
band of tropical cyclone genesis along the Inter-Tropical 
convergence zone in the Central Pacific, but this pattern 
is more pronounced in the TCGI. Both indices have skill 

Fig. 1   Seasonal mean differences between 1997 and 2013 and 
1980–1996 for: a entropy deficit, b PI, c shear, d vorticity, e skin 
temperature and f specific humidity at 500 hPa for MERRA reanaly-

sis, calculated in August–September–October (ASO) for the north-
ern hemisphere and January–February–March (JFM) in the southern 
hemisphere
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representing the regions with a high potential for tropical 
cyclone genesis climatologically, however, there are still 
some biases. This comparison emphasizes the importance 
of using multiple genesis indices when analyzing trends 
in tropical cyclone genesis.

4.2 � Changes in tropical cyclone genesis indices 
over the last decades

Figure  3 shows the difference in GPI between 1997 and 
2013 and 1980–1996 for MERRA (Fig.  3a) and ERA-
Interim (Fig. 3b), and TCGI for ERA-Interim (Fig. 3c). The 

Fig. 2   Seasonal climato-
logical number of tropical 
cyclone genesis for the period 
1980–2013 derived from the 
GPI, for a MERRA and b ERA-
Interim, from the TCGI for c 
ERA-Interim, d observations 
(IBTrACS), show for ASO in 
the northern hemisphere and 
JFM in the southern hemi-
sphere. In units of number of 
tropical cyclones per 20 years 
by 5° gridbox  
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black line indicates where differences are significant at the 
95% confidence level using a t test. The genesis indices dif-
ference patterns between these two periods using two rea-
nalysis products are quite similar. In the Pacific subtropics 
(northwest, northeast and south Pacific) there is a consistent 
increase of tropical cyclone genesis (3–4 TCs per 20 years 
per 5° grid box), while in the tropical Pacific there is a 
decrease (2–3 genesis per 20 years per 5° grid box). There 
is no clear shift in the genesis indices on North Indian 
Ocean, a result that is not surprising given to the spatial 
limitations imposed by Asian continent on that region. In 
South Indian and North Atlantic, the genesis indices show 
a significant but very small increase at the tropics. We also 
examined changes in the TCGI for the Japanese reanalysis 
dataset JRA-55 (Ebita et  al. 2011), with similar results to 
those presented in Fig. 3 (not shown). Therefore, our results 
are consistent using two different genesis indices and three 
different reanalysis datasets.

Tropical cyclones genesis and tracks in various basins 
are often modulated by the phase of the El Niño Southern 
Oscillation (ENSO; see e.g. Camargo et al. 2010). To test 
the possible influence of ENSO on the poleward migra-
tion of tropical cyclone genesis we derived the differences 
in the genesis indices excluding El Niño and La Niña 
years. We used the definition from the Climate Prediction 
Center (CPC) for El Niño and La Niña seasons based on 
the Niño3.4 index (Barnston et al. 1997). Separate statisti-
cal significance tests were performed for the northern and 
southern hemispheres at the peak tropical cyclone season in 
each hemisphere. For the northern (southern) hemisphere, 
the values of the genesis indices were considered over 
the ASO (JFM) season. To keep a reasonable data sam-
ple size, we only excluded moderate to strong El Niño/La 
Niña years; when the Oceanic Niño Index (3-month run-
ning mean of SST anomalies in the Niño3.4 index region) 
was above/below 1 °C. Ten (nine) of the 34 seasons were 

Fig. 3   Seasonal mean differ-
ences of GPI (a MERRA and 
b ERA-Interim) and TCGI (c 
ERA-Interim) between 1997 
and 2013 and 1980–1996. Black 
lines indicate the 95% confi-
dence level using a t test
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excluded in the northern (southern) hemisphere. The result-
ing differences of the genesis indices obtained excluding the 
ENSO events were very similar to the original differences, 
with a significant poleward migration in tropical cyclone 
genesis over the Pacific Ocean in both hemispheres. We 
also used a bootstrap test, by choosing randomly 12 out of 
17 seasons for each hemisphere, then calculating the dif-
ferences and their statistical significance. This was repeated 
30 times and the poleward shift was always present and 
statistically significant. Therefore, it is unlikely for ENSO 
to be the source of the changes in tropical cyclone genesis 
environment shown in Fig. 3.

In summary, Fig.  3 shows that poleward migration of 
the tropical cyclone genesis environment is very clear in 
the Pacific Ocean over the last three decades, but this shift 
is not present in the other ocean basins. These results are 
likely not due to ENSO and are consistent with the changes 
in individual environmental variables described in Sect. 3.

5 � Changes in observed tropical cyclone genesis

The regions of tropical cyclone activity as defined by the 
World Meteorological Organization (WMO) are shown 
in Fig. 4, one or more centers issue tropical cyclone best 
track dataset in each of these regions as described in 
Table 1. The amplitude of the meridional trend of tropi-
cal cyclone latitude genesis is given in Table  2, as well 
as the 95% confidence level of the trend, as defined in 

Sect.  2. The annual average latitude of tropical cyclone 
genesis is derived from 1980 to 2013, when the data is 
available for the whole period, as indicated in the legend 
of Table  2. In addition, Fig.  5 presents the time series 
of annual-mean latitude of tropical cyclone genesis 
over West Pacific, East Pacific, South Pacific and North 
Atlantic basins. Consistent with the results for the gen-
esis indices, Fig. 5 shows a significant poleward trend for 
the tropical cyclone genesis latitude over the West, East, 
and South Pacific basins. Over the Western North Pacific 
(Table 2), all four datasets available in this region present 
a poleward migration of tropical cyclone genesis rang-
ing between +72 km per decade for HKO to +87 km per 
decade for JMA. In the South Pacific basin, Wellington 
shows a significant poleward trend reaching +236 km per 
decade. Table 2 also presents results from BOM covering 
the Australian region, which includes parts of the South 
Pacific and South Indian Oceans. The BOM Australian 
region includes the South Pacific west of 160°E and the 
South Indian east of 90°E. Over the Australian region, 
the data from BOM show a significant positive trend of 
57 km per decade. The East Pacific basin shows a signifi-
cant positive trend with +36 km per decade based on the 
National Hurricane Center best-track dataset. In the other 
basins, i.e. Atlantic and Indian Oceans, there are no sta-
tistically significant trends. However, the observed trends 
results are in agreement with the genesis indices results 
(cf. Fig.  3). For example, in the North Atlantic, Fig.  3a 
shows an equatorward migration of favorable conditions 

Fig. 4   Global map of tropical centers and their regions of responsibility as defined by the World Meteorological Organization (WMO) with their 
corresponding regional numbers included in Table 1
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Table 2   Meridional trends of annual average latitude of tropical cyclone genesis (km per decade) and their 95% confidence levels

Best-track trends are based on time series over the period 1980–2013, Honolulu (1980–2003), New Delhi (1990–2013), La Réunion (1981–
2013), BOM (1984–2013), and Nadi (1994–2013). Positive (negative) trends indicate poleward (equatorward) trends in either hemisphere. None 
of the time series exhibit AR(1) behavior based on a Durbin–Watson test, except in the cases of BOM and Wellington, which shows the 95% 
confidence interval adjusted for autocorrelation
Bold numbers indicate significant trends
a The trends for BOM are derived over the vicinity of Australia, which includes part of the South Pacific and South Indian Oceans

N. Atlantic East. N. Pac. Central Pac. West. N. Pac. N. Indian S. Hemisphere S. Indian S. Pac.

Best-track genesis (1980–2013) >39 knots
 HURDAT −110 ± 116 +36 ± 35
 Honolulu −42 ± 188
 JTWC +86 ± 64 −78 ± 92 +10 ± 42
 JMA +87 ± 61
 HKO +72 ± 58
 CMA +86 ± 55
 New Delhi −60 ± 130
 La Réunion +24 ± 65
 BOMa +57 ± 29
 Wellington +236 ± 186
 Nadi +45 ± 198
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Fig. 5   Time series of annual-mean latitude of tropical cyclone gen-
esis calculated from the best-track archive IBTrACS from 1980 to 
2013 for: a West Pacific basin (JTWC), b East Pacific basin (HUR-

DAT), c South Pacific basin (Wellington) and d North Atlantic basin 
(HURDAT). Linear trend lines are presented with their 95% two-
sided confidence intervals
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for tropical cyclone genesis, in agreement with the nega-
tive trend of −110 km per decade (Table 2; Fig. 5d).

6 � Summary and conclusions

In this study, we examine if the poleward migration in lati-
tude of lifetime-maximum intensity of tropical cyclones 
observed by Kossin et  al. (2014) over the last decades is 
related to a poleward migration in global tropical cyclone 
genesis.

In the first part of the study, we use two reanalysis data-
sets to look at the changes in the environment (MERRA 
and ERA-Interim) in six environmental variables known to 
modulate tropical cyclone genesis. Then we examine com-
binations of these variables in two genesis indices to exam-
ine the possible changes in potential tropical cyclone gene-
sis associated with the changes in the environment. Finally, 
we compare the storms genesis locations to the changes in 
the environment using the global best track archive IBT-
rACS. The results show:

1.	 Favorable values of PI, vertical wind shear, skin tem-
perature and specific humidity at 500 hPa are moving 
towards higher latitude in the two reanalysis datasets 
over the last decades. This poleward migration of the 
favorable conditions for tropical cyclone genesis is par-
ticularly noticeable over the Pacific Ocean.

2.	 Genesis indices show a migration of the favorable areas 
for tropical cyclone genesis towards higher latitudes for 
the East, West and Pacific basins using multiple reanal-
ysis datasets for two genesis indices (GPI and TCGI).

3.	 The observations show a significant poleward trend of 
tropical cyclone genesis latitude for the East, West and 
South Pacific basins.

Our results are consistent with the findings by Kossin 
et  al. (2014, 2016) for the western North Pacific, where 
observations and simulations show a poleward migration 
of genesis and lifetime-maximum intensity latitude in the 
present climate. Kossin et  al. (2016) also showed that the 
western North Pacific poleward migration is projected to 
continue in the future under a warming climate. As new 
model projections become available, it will be important to 
analyze genesis, lifetime maximum intensity and tropical 
cyclone exposure poleward trends over all basins to deter-
mine their occurrence and robustness.

In summary, we showed that in addition to a poleward 
migration of tropical cyclones LMI, there is also a pole-
ward migration of tropical cyclone genesis over the Pacific 
basins. This finding could be an indication of a more gen-
eral change: a migration in tropical cyclones tracks. To test 
this hypothesis, we derived the annual-mean latitude of 

tropical cyclone genesis over the time period used by Kos-
sin et  al. (2014). Then, we compared these results to the 
annual-mean latitude in LMI over the three Pacific basins. 
A similar rate in migration could indicate that the changes 
in the environment are affecting the overall tropical cyclone 
tracks. However, these rates are not in agreement among 
the different basins. This does not necessarily mean though 
that this hypothesis is not valid due to the uncertainties in 
the best-track datasets. We also would like to explore more 
in depth in a future study the characteristics of the envi-
ronmental changes. In particular, it would be important to 
determine if these changes are just a poleward translation 
of favorable conditions or if we also see a change in the 
mean values characterizing the environment. For example, 
if there is a shift to higher values of PI at higher latitudes, is 
there also a trend towards higher PI values prior to the shift 
to these higher latitudes? The answer to this question would 
determine if other track characteristics have also been mod-
ified, such as the storm translational speed, the TC lifetime 
and the track recurvature location.
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