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Abstract: A number of recent publications have examined trends in the maximum wind
speed of tropical cyclones in various basins. In this communication, the author focuses on
typhoons in the western North Pacific. Rather than maximum wind speed, the intensity
of the storms is measured by their lifetime minimum sea level pressure (MSLP). Quantile
regression is used to test for trends in storms of extreme intensity. The results indicate that
there is a trend of decreasing intensity in the most intense storms as measured by MSLP
over the period 1951-2010. However, when the data are broken into intervals 1951-1987
and 1987-2010, neither interval has a significant trend, but the intensity quantiles for the
two periods differ. Reasons for this are discussed, including the cessation of aircraft
reconnaissance in 1987. The author also finds that the average typhoon intensity is greater
in El Nino years, while the intensity of the strongest typhoons shows no significant relation
to El Nino Southern Oscillation.
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1. Introduction

There has been considerable discussion in the past few years regarding the impact of climate change
on tropical cyclone intensity, with some evidence indicating a significant increase in the number of
intense storms [1], and other evidence suggesting no trend or even a downward trend [2,3]. At least
part of the reason for the discrepancies are likely due to data quality issues [4,5], which also are
manifested when comparing different best track datasets [6]. Most of these studies of tropical cyclone
intensity trends have focused on wind speed or related parameters such as Power Dissipation Index
(PDI) and Accumulated Cyclone Energy (ACE). However, as pointed out by Knaff and Sampson [7],
the minimum sea level pressure (MSLP) may be a more accurate quantity in the western North Pacific.
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Here we examine western North Pacific MSLP data over the period 1951 to 2010, looking for trends in
the most intense typhoons.

2. Data and Analysis Methods

The primary source of data in this study is the World Meteorological Organization (WMO) best
track in International Best Track Archive for Climate Stewardship (IBTrACS) [8]. The simplest
approach for looking at very intense typhoons is to apply a threshold, as done in [9]; we can, for
example, look only at those storms with MSLP near and below 900 hPa. Figure 1 shows the location at
which the lifetime minimum MSLP was reached for all storms with minimum MSLP below 905 hPa in
the period 1951 to 2010, the years covered by WMO IBTrACS. The color coding shows storms that
occurred during El Nino, La Nina, or neutral conditions, based on the Southern Oscillation Index (SOI)
during September of the year of occurrence; here, El Nino is SOI less than —1 and La Nina is SOI
greater than +1. There appears to be a slight preference for reaching minimum MSLP farther east
during El Nino years. This is consistent with previous findings indicating a relationship between
El Nino Southern Oscillation (ENSO) and typhoon location and intensity [10—13]. These publications
found that during EI Nino events, locations of high sea surface temperature (SST) and tropical cyclone
genesis are shifted farther east and that higher intensity is reached.

Figure 1. Locations (north latitude and east longitude) at which minimum sea level
pressure (MSLP) was reached for typhoons with minimum MSLP <905 hPa. Green
triangles are for El Nino years, blue diamonds are for La Nina years, and red squares are
for neutral years.
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Plotting only very intense storms versus time would be one way to identify trends and is similar
to the approach of examining the number or fraction of Category 4 and 5 storms, as done in some of
the works referenced above. However, we prefer to use the technique of quantile regression [14],
which defines intensity by a quantile rather than by an absolute threshold. As discussed by Jagger and
Elsner [15] and Elsner, et al. [16], this is a rigorous way of looking for trends in the extremes of data.
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To find the T quantile regression line, J in Equation (1) is minimized over all possible values of
aand b.

J=Y" f(y,~(a+bx)) (1)

where x; is the year, y; is an observed MSLP, and f(z) = 1z for z > 0 and f(z) = —(1 — 1)z for z < 0. For
T = 0.5, the result is median regression, which minimizes the sum of the absolute error between data
and model. For examining very intense typhoons, we need to look at much smaller values of t; for
example, T = 0.05 gives the regression line for storms with minimum MSLP in the lowest 5%. In
applying quantile regression to maximum wind speed, Elsner et al. [16] did find some evidence of
increasing intensity over the western North Pacific; however, they found more significant increases
over the north Atlantic. To apply quantile regression to the western Pacific tropical cyclone data, we
use the R statistical language. The R function rq( ) calculates the linear quantile regression line for a
given quantile . We consider quantiles for storms of at least typhoon intensity, taking the typhoon
threshold MSLP to be 976 hPa, based on Dvorak [17].

3. Results

Figure 2 shows the WMO IBTrACS typhoon data, along with the standard least squares regression
and 1% quantile regression lines. While the least squares line is nearly flat (trend not statistically
significant), there is a decrease in intensity (higher MSLP) of the most intense typhoons with time; that
is, the 1% regression line has an upward slope. Table 1 shows the statistics for various quantiles. The
last line of the table shows the calculated probability (p-value) of the null hypothesis (that the trend
line has zero slope). The results indicate that the positive trend is statistically significant at the 5%
level for all quantiles. Stated differently, the probabilities of the actual slope being zero (the null
hypothesis) but producing the given data are less than 5% for all the quantiles shown. In contrast, the
p-value for the trend of the least squares regression line shown in Figure 2 is 0.19.

The results of Figure 2 and Table 1 indicate that the intensity of the most intense typhoons is
decreasing with time (positive trend). Because the MSLP was usually measured by aircraft from 1951
to mid-August 1987 and by satellite only since then, there is a possibility of differing behavior in these
two periods just due to MSLP measurement technique. What seem to be missing in the post-aircraft era
are typhoons with MSLP well below 900 hPa. The only recent example of such a storm is Typhoon
Megi of 2010. Its best track MSLP is 885 hPa; however, it was measured by aircraft as part of a field
experiment. One of the aircraft penetrations measured 890 hPa [18], and this was likely factored into
the best track data. To investigate whether there are differences between these two time periods,
the data for each were analyzed separately; results are shown in Tables 2 and 3. When re-analyzed in
this way, neither period has a statistically significant trend for any quantile (at the 5% or even 10%
significance level). We also tried different change points to determine the sensitivity of the results in
Tables 2 and 3 to the choice of 1987. Using the end of 1980 as a change point also gives no trend for
the first part of the data. However, the post-1980 data do have statistically significant trends (decrease
in intensity) for the 2.5%, 5%, and 15% quantiles. Going the other direction, using the beginning of
1994 as the change point yields a statistically significant trend in the pre-1994 data toward higher
MSLP (lower intensity) for the 10% quantile (p-value 0.01). The trends for the first part of the data
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(pre-1994) for other quantiles are not significant. There are no statistically significant trends for the
second portion of the data (1994-2010). Hence, of the three change points (end 1980, mid 1987,
beginning 1994), only mid-1987 has no significant trends for either part of the data for all quantiles.

Figure 2. Scatterplot showing the minimum World Meteorological Organization (WMO) MSLP
of western Pacific typhoons 1951-2010. Black dashed line is the usual least-squares regression
line. The solid red line toward the bottom of the plot is the 1% quantile regression line.
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Table 1. Summary statistics for quantile regression 1951-2010.
.. Quantile
Statist
atiste 0.15 0.10 0.05 0.025 0.01
Trend (hPa/year) 0.30 0.35 0.33 0.36 0.45
Standard Error (hPa/year) 0.09 0.07 0.10 0.10 0.22
Probability of null 0.00 0.00 0.00 0.00 0.03
Table 2. Summary statistics for quantile regression 1951-1987.
L. Quantile
Statist
atste 0.15 0.10 0.05 0.025 0.01
Trend (hPa/year) 0.15 0.00 -0.17 0.00 —0.16
Standard Error (hPa/year) 0.20 0.15 0.18 0.32 0.29
Probability of null 0.46 1.00 0.34 1.00 0.57
Table 3. Summary statistics for quantile regression 1987-2010.
. . Quantile
Statist
anshe 0.15 0.10 0.05 0.025 0.01
Trend (hPa/year) 0.30 0.00 0.00 0.45 0.56
Standard Error (hPa/year) 0.26 0.25 0.40 0.65 0.45
Probability of null 0.26 1.00 1.00 0.46 0.31
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Are there other factors that could have contributed to the apparent change in 1987? Several recent
papers have investigated the relation of typhoon number and intensity to ENSO (as already noted), the
Pacific Decadal Oscillation (PDO), the East Indian Ocean sea surface temperature (SST) anomaly, and
the North Atlantic Oscillation [10—13]. Figure 3 shows the same typhoon data as in Figure 2 but plotted
versus SOI. The least squares regression line shows a statistically significant trend of less intense
typhoons with increasing SOI (towards La Nina conditions, p-value of 0.04). This is in accord with
previous observations [12,13]. However, the 1% quantile regression shows a decrease in MSLP with
SOI (i.e., the strongest typhoons are even stronger with La Nina), although the p-value for this is
0.08, so the result is not statistically significant at the 5% level. This behavior is somewhat analogous
to findings for the Atlantic in [15]. Table 4 shows the results of quantile regression for other quantiles,
showing no statistically significant trends. These results do not indicate a clear relationship between
the intensity of the most intense typhoons and the SOI. Furthermore, the SOI has been both positive
and negative since 1987 and doesn’t seem able to explain a long term trend. The findings of [19]
indicate a change point in typhoon behavior around 1990, with oceanic conditions dominating
anomalous typhoon frequency before 1990 and atmospheric conditions dominating afterwards. The
authors of [20] found evidence of change points in super-typhoon activity around 1972 and 1989. These
are longer term (decadal) shifts with change points near 1987 and could be related to our findings.

Figure 3. Scatterplot showing the minimum WMO MSLP of western Pacific typhoons
19512010, as in Figure 2 but plotted versus Southern Oscillation Index (SOI). Black dashed
line is the usual least-squares regression line. The solid red line toward the bottom of the
image is the 1% quantile regression line.

§ _
o oBoooocoooo csocooogooo o ocooo o o
00800000 0gQo oboooo 8800 cooogo o oo
cooco %cc oooo oo ogoo goo 000000 a o
@ 4 0000 0000 ©COO 0OOOCOO08 ©O 000000 o
coco o w©oo ovoocogBooo8 oo oo

©0000 0c8oooo © oo§000000 °g, ___ Q9. Q.-
] 'f{kg__j{QQSLL,QD{M}GbﬁﬂT“_ﬁ’_ o0 =]
6 00000C 0000 ©QO 0000000 0000 o
00000000 00 © o o © © o o
00000 000 00 00000000000 0O 000 a Qa

0000 O C0O0O O cooo0000 © oo
g - o o co o go og © 00 o [} o
OOOOOOOD 000 0O000QOOCOO 0COo o

© o 0og © ©00 © ©0 000 g © o o

o g coo o © o o o o

§ - o oo oo o o oo oo o ooo o
o oo co © o oo

TTT—e—_0 o oo o o

940
|

MSLP (hPa)

SOl



Atmosphere 2012, 3 129

Table 4. Summary statistics for quantile regression, all data versus SOI.

Statistic Quantile
0.15 0.10 0.05 0.025 0.01
Trend (hPa) 0.00 0.00 0.00 —2.00 —4.84
Standard Error (hPa) 1.90 1.82 1.67 2.29 2.79
Probability of null 1.00 1.00 1.00 0.40 0.08

Is there evidence that the reduction in very intense typhoons in recent years is due to satellite
measurement of MSLP? There are least two additional typhoons in the post-aircraft era (Gay 1992 and
Angela 1995) that may have had very low MSLP, significantly lower than in the best track data set.
Manual Dvorak analyses of these two typhoons by Hoarau ef al. [21,22] have indicated that their
MSLP may have been even lower than Typhoon Tip’s 870 hPa record low MSLP. The data for the
complete 1951-2010 period was reanalyzed using 870 hPa as the MSLP for these storms, replacing
910 and 900 hPa MSLP values, respectively, in the IBTrTACS WMO data. The trend for the
1% quantile versus year is no longer statistically significant, although upward trends in MSLP for the
other quantiles are still significant. When the data are reanalyzed for their dependence on SOI, the
p-values corresponding to Table 4 become larger than 0.30 for all quantiles, indicating no dependence
of the most intense typhoons on SOI. Finally, we also replaced the WMO MSLP with Joint Typhoon
Warning Center (JTWC) MSLP, available for most storms after 2000. With these new values and the
modifications for Gay and Angela, none of the regressions (least squares or quantile) show significant
trends versus year over the period 1951-2010. The least squares regression versus SOI still shows a
significant trend of increased MSLP in moving towards La Nina conditions. However, the quantile
regression trends are again not significant for any quantiles.

4. Conclusions

In this communication, we have investigated possible trends in intense western North Pacific
typhoons as measured by the storms’ lifetime MSLP during the period 1951 to 2010. We have reached
the following conclusions:

e Application of quantile regression to the WMO best track data used here indicates a decrease in
the intensity (increase in lifetime MSLP) with time.

e A likely source of the decrease is the change in measurement of MSLP with the cessation of
routine aircraft reconnaissance in 1987. There is no significant trend in intense storms either
before or after 1987 when the two periods are analyzed separately.

e Lowering the pressures of Typhoons Gay (1992) and Angela (1995) based on [21,22] eliminates
the trend in the 1% quantile for the complete 1951-2010 period. Also using JTWC pressures
(when available, from 2001 onward) eliminates significant trends in all quantiles.

e While El Nino conditions (negative SOI) are associated with lower average MSLP (greater
intensity), in agreement with previous findings, we found no significant dependence of MSLP on
SOI for the most intense quantiles considered here, regardless of whether pressures based on [21,22]
and JTWC are used.
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