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Global tropical cyclones and European windstorms (strong extratropical cyclones)
are the main cause of great weather disasters worldwide' but low confidence exists
in the quantification and attribution of trends in these storms>”. This uncertainty
is caused by limitations in the quality and quantity of historical data, by the
presence of large year-to-year variability in storm counts and by an incomplete
understanding of the mechanisms that cause trends™*”®. Here we reduce this
uncertainty by clarifying the nature, significance and underlying causes of trends
in these storms for the recent 1971 to 2010 period of generally sound surface
windspeed data. We find that global tropical cyclones and European winter
extratropical storms have been declining in annual frequency and accumulated
wind power since the early 1990s; most trends for the periods 1981 to 2010 and
1991 to 2010 are significantly downward. We attribute the recent significant
decline in global tropical cyclone activity to a trend towards colder ENSO (EI Nifio
Southern Oscillation) conditions that produces anomalous zonal flows which tend
to inhibit storm spin-up in the North Pacific. We attribute the recent significant
decline in UK and European winter windstorm activity to a decrease in North
Atlantic tropospheric thermal wind linked to warmer winter air temperatures at
polar and subpolar latitudes. Despite global temperatures rising by about 0.5°C
between 1971 and 2010 (refs. 9-11) our results suggest that a warming climate has
had no discernible positive impact on either globally averaged tropical cyclone

activity or on European extratropical cyclone activity; indeed global warming may
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be contributing to the recent decrease in European strong extratropical storm
activity.

Tropical cyclones and European windstorms are severe storms occurring in the
tropics, subtropics and extratropics. They are characterised by damaging winds and are
accompanied often by high rainfall and a coastal storm surge. Determining the nature,
significance and cause of recent trends in the annual frequency and accumulated wind
power of global tropical cyclones and European extratropical cyclones will improve our
understanding of the long-term natural variability of these storms, assist the detection
and attribution of changes in this activity due to anthropogenic climate change, and aid
the forecasting of future severe storm activity.

Our analysis employs wind data sets for the 40-year period 1971 to 2010. For
tropical cyclones worldwide we use track and intensity data from the International Best
Track Archive for Climate Stewardship (IBTrACS) version v03r03 released in July
2011 (ref. 12). IBTrACS is a World Meteorological Organisation (WMO) data resource
and contains the most complete and homogenous set of global historical tropical
cyclone data currently available. We employ IBTTACS 1-minute average winds at 10m
height every 6 hours (see Methods Summary for further information). For European and
UK strong extratropical cyclones we use 10-minute average wind data at 10m height
from the National Center for Environmental Prediction/National Center for
Atmospheric Research (NCEP/NCAR) reanalysis'. These data are recorded every 6
hours on a 2.5° latitude by longitude grid, and are analysed for the areas 30°N-70°N,
20°W-40°E (Europe) and 50°N-60°N, 7.5°W-0°W (UK). Employing wind data from the
European Centre for Medium-Range Weather Forecasts ERA40 reanalysis'* gives
almost identical results to using NCEP/NCAR reanalysis data.

The frequency of global tropical cyclones is referenced by the annual numbers of
worldwide tropical storms, worldwide hurricane-strength storms and worldwide major

hurricane-strength storms. These storm categories are defined respectively as having 1-



minute sustained windspeeds at 10m height of at least 63 km/h, 119 km/h and 178 km/h.
The annual wind power of worldwide tropical cyclones is referenced by the global
Power Dissipation Index (PDI)"”. The frequency of European and UK strong
extratropical cyclones is referenced by the number of days over the winter storm season,
and for the defined area, where the 10-minute average windspeed at 10m height reached
certain force levels on the Beaufort Wind Scale/WMO windspeed classification. The
chosen levels are ‘strong gale’ force (Beaufort Scale 9, 75-88 km/h) and ‘storm’ force
(Beaufort Scale 10, 89-102 km/h). The wind power of European and UK windstorms is
referenced by the Accumulated Wind Power Index (AWPI) defined as the sum of the
cubes of 6-hourly 10-minute windspeeds (in units of knots) over all 2.5° lat/long grid
cells (over the defined areas) for the winter season.

Figure 1 displays the time series and linear trends for the annual incidence and
wind power of global tropical cyclones and European winter extratropical cyclones.
The latter are computed for the 6-month winter season from 1% October to 31% March.
Linear trends are shown separately for the periods 1971-2010, 1981-2010 and 1991-
2010. Four measures are provided for global tropical cyclone activity: the annual
worldwide numbers of tropical storms, hurricanes, and major hurricanes and the annual
global PDI. Two measures are displayed for European extra-tropical cyclone activity:
the annual number of days across Europe where the 10-minute windspeed reached
‘storm’ force 10, and the annual AWPI over Europe. Time series are displayed for the
period 1971-2010 except for the number of global major hurricanes and the global PDI
which are shown only for the period 1991-2010. This is because these data are
unreliable in the 1970s and 1980s due to global major hurricane numbers being
inhomogeneous and under-reported during these decades (see Supplementary
Information).

Figure 1 shows that global tropical cyclones and European winter extratropical

storms peaked in annual frequency and accumulated wind power in the early 1990s.



Little trend is apparent over the full 1971-2010 period but trends are downward over the
recent 1981 to 2010 and 1991 to 2010 periods. Table 1 displays the sign, significance
and magnitude of the linear trends in Figure 1 and for two further measures of European
strong extratropical cyclone activity: the number of UK wind force 9 days and the UK
AWPI. The ‘trend description’ in Table 1 conveys the trend sign (using colour) and the
confidence-in-trend (using terminology employed by the Intergovernmental Panel on
Climate Change'® to communicate uncertainty). This information combined with the
trend magnitudes and trend P-values shows that reductions of over 20% have occurred
for several extreme wind types over the past two or three decades and that the
downward trends have become increasingly significant. For the period 1981 to 2010
most trends are significant to a P-value of 0.1, while for the period 1991 to 2010 most
are significant to a P-value of 0.05.

We now examine physical explanations for the recent significant declines in
global tropical cyclones and European extratropical cyclones. We start with global
tropical cyclones and focus on environmental fields over the Northwest Pacific.
IBTrACS data shows this basin contributes 42% of the global PDI 1991-2010, the most
of any basin worldwide. Figure 2a displays the composite difference in monthly-
weighted annual sea surface temperature (SST) and monthly-weighted annual 925-hPa
vector winds between subset years when the global PDI 1991-2010 is in its lowest and
highest quartiles. The monthly-weights are by normalised monthly global PDI
contribution 1991-2010. As the figure highlights the environmental field anomalies
linked to low global tropical cyclone activity, the underpinning role of La Nifia ENSO
in causing such activity is clear. The white rectangle in Figure 2a elucidates the physical
mechanism. It marks the Northwest Pacific area of anomalous stronger trade winds,
ENSO uy44e, associated with the anomalous zonal gradients in SST caused by La Nifia.
These stronger trade winds produce lower cyclonic vorticity over the Northwest Pacific

region where tropical cyclones form and track. The reduced cyclonic vorticity hinders



the spinning up and intensification of storms leading to fewer tropical cyclones and a
lower PDI in this basin. With La Nifia also reducing tropical cyclone activity in the
Northeast Pacific'’, and the North Pacific contributing 55% of the global PDI,
concomitant reductions are seen in annual global tropical cyclone numbers and PDI that
are linked significantly to ENSO #aq.. This mechanism is supported by the ENSO #154e
time series and its linear trends (Figure 2b) which show qualitative similarity to those in
Figure 1 (a-d), and by the strength and significance of the links between ENSO 4. and
global and North Pacific tropical cyclone numbers and PDI (Table 2A). The P-values
for these links are <0.03 for global numbers and PDI, and <0.001 for North Pacific
numbers and PDI. The links with ENSO u,4. exceed those with the sea temperature-
based Oceanic Nifio Index (ONI) employed in operational definitions of ENSO'® (Table
2A).

We next suggest a physical explanation for the recent significant decline in
European strong extratropical cyclones. These cyclones gain their energy from the
potential energy of the mean flow. The latter is proportional to the meridional (south-
north) temperature gradient, which in turn is proportional to the vertical wind shear via
thermal wind balance'’. Thus a weaker northward gradient in air temperature implies a
weaker thermal wind and lower vertical wind shear, and less potential energy for
cyclone occurrence and growth. We explore the merits of this explanation for the recent
decline in European extratropical cyclones. First we display (Figure 2¢) the composite
difference in December-February air temperature, by latitude and altitude over the
extratropical and subpolar North Atlantic sector 80-0°W, between subset years when the
European AWPI 1991-2010 is in its lowest and highest quartiles. As this figure
highlights the temperature patterns linked to low AWPI, the significance of warming
subpolar and polar air temperatures and a decreased meridional temperature gradient are
evident. Our analysis next computes the zonal thermal wind, #ermal, using the regions

30-50°N, 80-0°W and 60-80°N, 80-0°W, height integration between 1000 and 200 hPa



(the Earth’s surface to upper troposphere), and NCEP/NCAR air temperature data. The
Uthermal tiMe series and its linear trends (Figure 2d) show close similarity to those in
Figure 1 (e-f). Furthermore Table 2B shows that #erma is linked strongly (7rank ~0.8),
stably, and significantly (P < 0.001) to European and UK AWPI. These links match
those between the North Atlantic Oscillation (NAO)*® and European and UK AWPL
Our findings suggest strongly that the recent significant decline in UK and European
winter windstorm activity is associated with a decrease in North Atlantic tropospheric
thermal wind linked to warmer winter air temperatures at polar and subpolar latitudes.
Our analysis does not identify the cause of the high latitude winter temperature warming
in this sector, but the decline in arctic sea ice extent since the early 1990s is a potential
contributory factor*' 2.

Global temperatures rose by 0.5°C between 1971 and 2010. Despite this sizeable
warming no discernible positive impact of climate change is seen on either global
averaged tropical cyclone activity or on European extratropical cyclone activity. Indeed
these wind extremes show significant declining trends since the early 1990s when
global temperatures have been at their highest’'. This would suggest either the current
influence of anthropogenic greenhouse gas warming on these damaging wind extremes
is small compared to that of natural climate variability, or that anthropogenic
greenhouse gas warming is contributing to the recent downward trends in these

extremes.

METHODS SUMMARY

The IBTrACS global tropical cyclone database is not a global reanalysis; it comprises
best-track data from many sources'”. Our analysis employs the regional IBTTACS
datasets used by Maue and coworkers®**. Although these datasets are state-of-the-art
they will contain errors in storm intensities, especially during the 1970s before the

advent of global satellite coverage.



The significance of linear trends is determined using the non-parametric Mann-
Kendall (MK) statistical test with correction for serial autocorrelation®. For each
extreme wind time series we compute the effective sample size (equation 7 in ref. 26),
the MK statistic S, the variance of S corrected for sample serial autocorrelation, and a
normalised test statistic Z (equation A5 in ref. 26). The probability associated with Z
gives the trend P-value for a one-tailed test. A time series with no trend has a P-value of
0.5. The uncertainty in the trend magnitude is estimated by taking the extreme wind
distributions as approximately normal (confirmed by the Kolmogorov-Smirnov test),
shuffling the extreme wind time series with replacement to generate 10,000 random
slopes, converting each of these slopes to a percentage change value, and then
displaying the latter in histogram form to provide a 67% confidence uncertainty. The
significances in Table 2 are computed as described in the Methods section of ref. 27.

The thermal wind is computed using equation 3.32 in ref. 19. For simplicity the
temperature gradient is assumed to be meridional, and the mean temperature is taken as
the average temperature of abutting pressure levels. The formula is applied to all
tropospheric pressure levels (1000, 925, 850, 700, 600, 500, 400, 300, 250 and 200 hPa)
in the NCEP/NCAR reanalysis data. A thermal wind is computed for each pair of
adjacent pressure levels and the overall thermal wind, #hermal, 1S the integration over all

pressure levels.
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Figure Legends

Figure 1 | Nature of the trends in the frequency and wind power of global tropical
cyclones and European extra-tropical cyclones between 1971 and 2010. a, b, ¢, d,
Time series and linear trends for the annual number of global tropical storms (a), global
hurricanes (b), global major hurricanes (c) and global PDI (d), with (¢) and (d)
displayed between 1991 and 2010 only. e, f, Time series and linear trends for the 6-
month (October to March) number of storm force days (e) and accumulated wind power

(f) from extra-tropical cyclones over Europe. Colour distinguishes the trend period.

Figure 2 | Attributions for the recent significant downtrends in global tropical
cyclone activity (a, b) and European extra-tropical cyclone activity (c, d). a, Annual
SST (colour-coded in degrees Celsius) and 925-hPa wind anomalies (arrowed) linked to
low annual global tropical cyclone activity. b, Time series and linear trends (colour-
coded as in Figure 1) for the annual 925-hPa zonal wind 4. Within the white
rectangular box in (a). ¢, December-February air temperature anomalies over the North
Atlantic sector 80-0°W linked to low European winter storm activity. d, Time series and
linear trends for the height-averaged December-February thermal wind herma OVer the

sector in (c¢).
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Table 1. Sign, significance and magnitude of recent trends in extreme

wind types
Extreme wind type Period Trend description, significance and magnitude
Description P-value Change (%)
Global tropical 1971-2010 L!kely decreanng 0.13 -7+5
1981-2010 Likely decreasing 0.14 -8+5
storm numbers X X
1991-2010 Likely decreasing 0.16 -12+8
Global huri 1971-2010 No trend 0.38 -7+9
obathurricane 1981-2010  Very likely decreasing 0.07  -18+7
numbers .
1991-2010 Decreasing 0.01 307
Global major . .
hurricaneJ numbers 1991-2010  Very likely decreasing 0.06 -18 +10
Global PDI 1991-2010 Decreasing 0.02 -44+15
1971-2010 Likely increasing 0.33 14 £ 20
Europe number of
. 1981-2010 Likely decreasing 0.28 -24+28
wind force 10 days
1991-2010 Likely decreasing 0.13 -55+30
1971-2010 Likely decreasing 022 -20+20
UK number of .
. 1981-2010 Decreasing 0.02 -60+24
wind force 9 days )
1991-2010 Decreasing 0.03 -58+30
Europe 1971-2010 Likely decreasing 0.33 -2+10
accumulated 1981-2010 Decreasing 0.04 -21+14
wind power 1991-2010 Decreasing 0.01 -35+12
UK leted 1971-2010 No trend 0.38 -5+17
?czum“ ate 1981-2010 Decreasing 005 -37+22
wind power 1991-2010 Decreasing 002 -49+22

The trend descriptions are defined as follows: decreasing, very likely decreasing and
likely decreasing mean the trend is decreasing respectively to = 95% probability, = 90%
probability, and = 67% probability; no trend means the trend is neither decreasing to

2 67% probability, nor increasng to = 67% probability; likely increasing means the trend
is increasing to = 67% probability. The P-value gives the likelihood that the observed
trend (decreasing or increasing) arises by random chance. The trend magnitude

gives the percent change in the extreme wind type due to the linear trend (expressed
as the most likely value + 1 standard deviation relative to the 1971-2010 climatology (or
relative to the 1991-2010 climatology for global major hurricane numbers and global

PDI)).



Table 2. Links between extreme wind types and environmental fields
and indices

A. Global and North Pacific tropical cyclones:

Annual extreme Period ENSO Utrade ENSO ONI
wind type annual-weighted annual-weighted
'rank  P-value 'rank  P-value
Global PDI 1991-2010 0.76 <0.001 0.68 0.001
Global MH numbers 1991-2010 0.76 0.002 0.67 0.001
Global H numbers 1991-2010 0.43 0.03 0.34 0.07
1981-2010 0.49 0.003 0.19 0.16
1971-2010 0.40 0.006 0.15 0.19
N. Pacific PDI 1991-2010 0.91 <0.001 0.80  <0.001
N. Pacific MH numbers ~ 1991-2010 0.87 <0.001 0.76  <0.001
N. Pacific H numbers 1991-2010 0.78 <0.001 0.64 0.006
1981-2010 0.73 <0.001 0.55 0.002
1971-2010 0.63 <0.001 0.42 0.002

B. European extra-tropical cyclones:

December-February Period Uthermal NAO index

extreme wind type December-February December-February
frank  P-value frank  P-value

Europe accumulated 1991-2010 0.80 <0.001 0.79  <0.001

wind power 1981-2010 0.83 <0.001 0.82 <0.001

1971-2010 0.83 <0.001 0.83  <0.001

UK accumulated 1991-2010 0.78 <0.001 0.80  <0.001

wind power 1981-2010 0.81 <0.001 0.84  <0.001

1971-2010 0.82 <0.001 0.84  <0.001

The abbreviations are defined as follows: power dissipation index (PDI), major hurricane
(MH), hurricane (H), El Nifio Southern Oscillation (ENSO), Oceanic Nifio Index (ONI) and
North Atlantic Oscillation (NAO). The 925-hPa uy54e Wind area is 2.5-12.5°N, 130-180°E.
The Uthermal Wind area comprises latitudes 30-50°N and 60-80°N, longitudes 80-0°W
and pressure levels from 1000-hPa to 200-hPa. The NAO index used is the standardised
difference in mean sea level pressure between southwest Iceland and Gibraltar20.
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