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The increasing intensity of the strongest tropical

cyclones

James B. Elsner', James P. Kossin? & Thomas H. Jagger'

Atlantic tropical cyclones are getting stronger on average, with a
30-year trend that has been related to an increase in ocean tem-
peratures over the Atlantic Ocean and elsewhere'™. Over the rest
of the tropics, however, possible trends in tropical cyclone inten-
sity are less obvious, owing to the unreliability and incompleteness
of the observational record and to a restricted focus, in previous
trend analyses, on changes in average intensity. Here we overcome
these two limitations by examining trends in the upper quantiles
of per-cyclone maximum wind speeds (that is, the maximum
intensities that cyclones achieve during their lifetimes), estimated
from homogeneous data derived from an archive of satellite
records. We find significant upward trends for wind speed quan-
tiles above the 70th percentile, with trends as high as 0.3 *
0.09ms™"yr~! (s.e.) for the strongest cyclones. We note separate
upward trends in the estimated lifetime-maximum wind speeds of
the very strongest tropical cyclones (99th percentile) over each
ocean basin, with the largest increase at this quantile occurring
over the North Atlantic, although not all basins show statistically
significant increases. Our results are qualitatively consistent with
the hypothesis that as the seas warm, the ocean has more energy to
convert to tropical cyclone wind.

Animportant concern about the consequences of climate change is
the potential increase in tropical cyclone activity. Theoretical argu-
ments™® and modelling studies”® indicate that tropical cyclone winds
should increase with increasing ocean temperature. Direct obser-
vational verification of this relationship over the global tropics is
lacking, but Atlantic sea surface temperature (SST), which is corre-
lated with global mean near-surface air temperature, helps explain’
the recent upswing in frequency and intensity of Atlantic tropical
cyclones. However, it has been argued that the data are not reliable
enough to make assertions about the relationship between climate
change and hurricanes®"* and that the correlation may involve both
regional and remote SSTs'*"*. Here we shed new light on this topic by
using globally consistent satellite-derived tropical cyclone wind
speeds'® and by focusing on the lifetime-maximum wind speeds of
the strongest tropical cyclones each year.

Figure la shows the satellite-derived lifetime-maximum wind
speeds grouped by year over the period 1981-2006, displayed as
box plots (see Supplementary Information). The number of cyclones
per year over the globe is shown above the time axis; there is no trend
in these counts. Also, there is no trend in the median lifetime-max-
imum wind speed, as shown by the nearly horizontal red line, which
is the best-fit line through the annual 50th-percentile values (black
dashes inside the boxes). However at cyclone wind speeds above the
median, upward trends are noted. Thus, the upper-quartile value
(top of the box) is increasing (green line) and so are higher quantile
values (for example the top of the vertical dashed line), where the
upward trends are more pronounced.

To quantify and determine the significance of these trends, we use
quantile regression. Quantile regression as employed here is a
method to estimate the change (trend) in lifetime-maximum wind
speed quantile as a function of year. A quantile is a point taken from
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Figure 1| Analysis and model results of satellite-derived tropical cyclone
lifetime-maximum wind speeds. a, Box plots by year. Trend lines are shown
for the median, 0.75 quantile, and 1.5 times the interquartile range. b, Trends
in global satellite-derived tropical cyclone maximum wind speeds by
quantile, from 0.1 to 0.9 in increments of 0.1. Trends are estimated
coefficients from quantile regression in units of metres per second per year.
The point-wise 90% confidence band is shown in grey, under the assumption
that the errors are independent and identically distributed. The solid red line
is the trend from a least-squares regression of wind speed as a function of
year and the dashed red lines delineate the 90% point-wise confidence band
about this trend.
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the inverse cumulative distribution function of the set of wind speeds
so that, for example, the 0.7 quantile is the value such that 70% of the
tropical cyclones have lifetime-maximum wind speeds below this
value (70th percentile).

Figure 1b shows global trends in tropical cyclone lifetime-max-
imum wind speeds for selected quantiles. Trends are near zero for the
lower quantiles (median and below), but are upward for the higher
quantiles, with the largest trends noted for the highest quantile (90th
percentile). The shading shows the 90% point-wise confidence band
about these trend estimates. Trends significantly above zero are seen
for quantiles above 0.7. The maximum wind speeds over the entire
period of record corresponding to the selected quantiles are also
displayed. For comparison, the red lines are from a least-squares
regression of maximum wind speed as a function of year, with the
solid line showing the trend of the mean lifetime-maximum wind
speed and the dashed lines indicating the 90% confidence limits
about this trend. We note that the trend value of approximately
0.15ms 'yr ! interpolated from Fig. 1b at the 75th percentile
matches the slope value of the trend line corresponding to the upper
quartiles shown as the green line in Fig. 1a. The results clearly show
that the strongest tropical cyclones are getting stronger.

To examine whether these global increases are the result of trends
occurring in one or two tropical cyclone basins, we use quantile
regression to model the satellite-derived wind speeds from each basin
separately (Fig. 2). With the exception of the South Pacific Ocean, all
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display trends and associated standard errors and P values for
upper-quantile (=85th-percentile) lifetime-maximum wind speeds
in Table 1. We note significant (P < 0.05) increases for at least one
quantile level in all six basins, and upward trends in the wind speeds
of the strongest tropical cyclones in all basins for the highest quantile
considered (99th percentile), although not all trends at this extreme
quantile are statistically significant.

The potential intensity of a tropical cyclone is directly related to
SST below the cyclone, all else being equal®>®'”'®. Because the stron-
gest cyclones at their maxima are, on average, closest to their max-
imum potential intensities, increases in observed maximum wind
speeds should occur with SST at the upper quantiles. To test this,
we averaged Hadley Centre'® SST data over each of the six tropical
cyclone basins during the peak months of their respective tropical
cyclone seasons. The basin means are then averaged to obtain a global
tropics SST value for each year over the period 1981-2006. These
values are subsequently used instead of year in the quantile regres-
sion. The results are shown in Fig. 3a. Consistent with the theory, the
trends in units of metres per second per degree Celsius are positive for
the upper quantiles. For a 1°C rise in SST, the results show an
increase of 1.9 = 2.9ms ! (s.e.) in the value of the 80th percentile
and 6.5+ 4.2ms ' in the value of the 90th percentile.

Table 1| Summary statistics
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F|gure 2| Trends in sate_lhte-denvgd tropical cyclone Ilfetlme:maX|mum Trend (ms tyr 1) 1048 042 1060 1083 1087
wind speeds from quantile regression. a, Westerfl North Pacific Ocean se. (ms tyr ) 0.224 0.220 0222 NA NA
cyclones (cyclone count, 698); b, eastern North Pacific Ocean cyclones (423);  p 0.034 0.059 0.002 NA NA

¢, southern Indian Ocean cyclones (413); d, North Atlantic Ocean cyclones
(291); e, South Pacific Ocean cyclones (157); f, northern Indian Ocean
cyclones (115). The point-wise 90% confidence band is shown in grey, under
the assumption that the errors are independent and identically distributed.
Each solid red line is the trend from a least-squares regression of wind speed
as a function of year and the dashed red lines delineate the 90% point-wise
confidence band about this trend.

Statistics are from a quantile regression of lifetime-maximum tropical cyclone wind speed
(derived from satellites) as a function of year, either globally or by tropical cyclone basin. Sample
size (number of tropical cyclones) is given in parentheses next to the basin name. Values are
shown for selected upper quantiles (0.85, 0.90, 0.95, 0.975, and 0.99). For each quantile, W
denotes the tropical cyclone lifetime-maximum wind speed over all cyclones in the basin and
over all years in the analysis (1981-2006). For some extreme quantiles the s.e., computed
assuming independent and identically distributed errors, and P value are not reliable and so are
reported as not available (NA).
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Upward trends can be interpreted as an increase in the number of
cyclones exceeding a threshold quantile. For example, at the 80th
percentile, on average 17 cyclones globally exceed 49 ms™'. With a
1°C rise in SST, the 80th percentile increases to 51 ms™'. At this
threshold level, on average 13 cyclones per year are observed. So
the increase in SST of 1 °C results in an increase in the global fre-
quency of strong cyclones from 13 to 17 cyclones (31%) per year. The
best estimates indicate that the strongest tropical cyclones are getting
stronger with increasing SST, but the uncertainty ranges are relatively
large. The relationship does not imply causality and is not directly
comparable to results from numerical models with forced SST
changes. We make no attempt here to control other factors probably
related to intense tropical storminess such as changes in region of
origin, cyclone duration, El Nifo conditions and solar activity.

For comparison, we repeat the quantile regression for the set of
lifetime-maximum wind speeds based on the global best-track data
sets (Fig. 3b). The best-track data represent a best estimate of cyclone
position and intensity from all available information. Results are
similar, showing an increase in lifetime-maximum wind speed per
degree Celsius for the set of strongest cyclones but not for the set of
weaker cyclones. Magnitudes of the change are not directly compar-
able, because the variance of the satellite-derived wind speeds is, by
construction (regression model), less than observed wind speeds,
which results in a mismatch in the quantile values. Moreover, inho-
mogeneities in the best-track data due to changes in the availability
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Figure 3 | Quantile regression of tropical cyclone lifetime-maximum wind
speed on globally averaged tropical storm basin SST. a, Plotted using
satellite-derived maximum wind speeds; b, plotted using maximum wind
speeds as recorded in the best-track observational archives. The point-wise
90% confidence band is shown in grey under the assumption that the errors
are independent and identically distributed. Each solid red line is the trend
from a least-squares regression of wind speed as a function of year and the
dashed red lines delineate the 90% point-wise confidence band about this
trend.
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and quality of information over time probably contribute to the
magnitude of this trend.

Recent results from the analyses of global tropical cyclone trends
have been questioned owing to a lack of consensus regarding the
reliability of the data. Moreover, results have not been matched to
theory, because the focus was on a change in mean tropical cyclone
statistics. In contrast, the results presented here are conclusive in
showing significant increasing trends in the satellite-derived life-
time-maximum wind speeds of the strongest tropical cyclones glob-
ally, and are qualitatively consistent with the heat-engine theory of
cyclone intensity. Thus, as seas warm, the ocean has more energy that
can be converted to tropical cyclone wind.

Regional differences in the magnitude of the upward trends are
possibly due in part to the rate of warming relative to the existing
warmth in the basin. Relatively cooler basins with large SST increases
should therefore show the greatest upward trends in the intensity of
the strongest tropical cyclones. The three coolest basins over the
period 1981-2006 are the North Atlantic (27.6 °C), the eastern
North Pacific (27.9 °C) and the southern Indian (27.5 °C), and the
rates of warming in these basins are respectively 0.69 + 0.18 °C,
0.33 £ 0.24°C and 0.21 £ 0.16 °C per 30 years. These basins show
corresponding upward trends at the 99th percentile of 1.52, 0.80 and
0.69ms ' °C™', respectively. Small positive correlations are noted
between the warming trends in the tropical oceans and the upward
trends in the intensity of the strongest tropical cyclones, using all six
basins, with the largest correlation (r = 0.47, N = 6) occurring for the
99th-percentile trends. It is necessary to control other factors such as
changes in upper-tropospheric temperatures, shearing winds and
proximity to land to better understand regional differences in these
trends.

METHODS SUMMARY

We use log-linear regression to model the lifetime maximum wind speeds using
principal components of brightness temperature profiles from satellite
imagery”*~* for 171 tropical cyclones over the North Atlantic Ocean. The regres-
sion model is modified from ref. 16 to better account for the skewness in wind
speed values. Model details and diagnostics are given in the Supplementary
Information. We apply the regression model to satellite imagery for 2,097 trop-
ical cyclones around the globe over the period 1981-2006 to produce the sat-
ellite-derived per-cyclone lifetime-maximum wind speeds.

We subsequently estimate trends in satellite-derived lifetime-maximum wind
speeds using quantile regression. Quantile regression extends ordinary least-
squares regression to conditional quantiles of the response variable® (lifetime-
maximum wind speed). Quantiles are values taken at regular intervals from the
cumulative distribution function. The quantiles divide a set of ordered wind
speeds into equally sized subsets. A minimization procedure determines the
quantile regression trend. More details on quantile regression are given in the
Supplementary Information. All statistics are performed using the software
environment R (http://www.r-project.org) and the quantile regression package
quantreg (R package version 4.17; http://www.r-project.org).
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