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Abstract.    37 

An assessment was made of whether detectable changes in tropical cyclone (TC) activity are 38 

identifiable in observations and whether any changes can be attributed to anthropogenic climate 39 

change. Overall, historical data suggest detectable TC activity changes in some regions 40 

associated with TC track changes, while data quality and quantity issues create greater 41 

challenges for analyses based on TC intensity and frequency. 42 

A number of specific published conclusions (case studies) about possible detectable 43 

anthropogenic influence on TCs were assessed using the conventional approach of preferentially 44 

avoiding Type I errors (i.e., overstating anthropogenic influence or detection). We conclude there 45 

is at least low-to-medium confidence that the observed poleward migration of the latitude of 46 

maximum intensity in the western North Pacific is detectable, or highly unusual compared to 47 

expected natural variability. Opinion on the author team was divided on whether any observed 48 

TC changes demonstrate discernible anthropogenic influence, or whether any other observed 49 

changes represent detectable changes. 50 

The issue was then reframed by assessing evidence for detectable anthropogenic influence while 51 

seeking to reduce the chance of Type II errors (i.e., missing or understating anthropogenic 52 

influence or detection). For this purpose, we used a much weaker “balance of evidence” criterion 53 

for assessment. This leads to a number of more speculative TC detection and/or attribution 54 

statements, which we recognize have substantial potential for being false alarms (i.e., overstating 55 

anthropogenic influence or detection) but which may be useful for risk assessment. Several 56 

examples of these alternative statements, derived using this approach, are presented in the report.   57 
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1. Introduction  58 

The question of whether anthropogenic influence on tropical cyclone (TC) activity is detectable 59 

in observations is important, particularly owing to the large societal impacts from TCs.  60 

Detection and attribution studies can also inform our confidence in future TC projections 61 

associated with anthropogenic warming.    This report updates TC climate change assessments 62 

by a World Meteorological Organization (WMO) expert team (Knutson et al. 2010) and by the 63 

Intergovernmental Panel on Climate Change Fifth Assessment Report (IPCC AR5) (Bindoff et 64 

al. 2013).  Part II of the assessment (Knutson et al., in preparation), focuses on future TC 65 

projections.  Walsh et al. (2016) provides a recent extensive literature review of TCs and climate 66 

change studies. 67 

The authors of this report include some former members of the expert team for the WMO 2010 68 

assessment (Knutson et al. 2010) along with current membership of a WMO Task Team on 69 

Tropical Cyclones and Climate Change.  The Task Team members were invited to become 70 

members by the WMO World Weather Research Program’s Working Group on Tropical 71 

Meteorology Research.    72 

To conduct this assessment, we identified studies where claims were made about detection of 73 

long-term (multidecadal to century scale) changes in TC activity, or about attribution of past TC 74 

changes or events to anthropogenic forcing.  We next developed potential detection/attribution 75 

statements for the author team to evaluate.  In a few cases--for completeness--we developed and 76 

evaluated a potential detection and attribution statement for which no published claim has yet 77 

been made.  We used an elicitation procedure whereby each author provided confidence levels or 78 

agree/disagree opinion on each potential statement.  The summary assessment statements 79 
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highlighted in Section 6 represent cases where a majority of authors either support the statement 80 

or support an even stronger version of the statement.  A full list of opinions for each individual 81 

author and each potential statement is contained in Supplemental Material.    82 

Some related topics such as long-term trends in TC damages (Pielke et al. 2008; Mendelsohn et 83 

al. 2012; Estrada et al. 2015; Klotzbach et al. 2018) or changes in mortality risk (Peduzzi et al. 84 

2012), are beyond the scope of our assessment.  While total storm damages have increased over 85 

time, these are strongly influenced by socio-economic trends (Pielke et al. 2008; Hsiang 2010; 86 

Hsiang and Narita 2012; Camargo and Hsiang, 2015). 87 

 88 

2. Background on Detection and Attribution of TC Changes 89 

 90 

Detection and attribution studies explore the causes of observed climate changes or events, 91 

typically by comparing models with observations.   TC activity has been a very challenging topic 92 

for detection/attribution, owing partly to the comparative rarity of TCs and the difficulty 93 

obtaining accurate and temporally consistent measures of TC properties for climate studies (e.g., 94 

Landsea et al. 2006; Kossin et al. 2013), particularly in the pre-satellite era (Vecchi and Knutson 95 

2008) .   Observed TC timeseries are often limited by data quality issues and by the length of 96 

available records from various monitoring techniques (e.g., satellites).  TC historical timeseries 97 

show far less compelling evidence for long-term increases than does global mean temperature 98 

(e.g., Bindoff et al. 2013).  Several long TC-related observed timeseries are shown in Fig. 1 99 

(discussed below).  Longer TC records are potentially available from historical documents (e.g., 100 
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Chenoweth and Divine 2008).  None of these observed TC timeseries demonstrate clear evidence 101 

for a century-scale increase similar to that observed for global mean temperature.   102 

Within this report, we use the term “detectable anthropogenic change” to refer to a change (e.g.,  103 

trend) that is both clearly distinguishable from natural variability, and is consistent--at least in 104 

sign--with a modeled (statistically significant) expected change due to anthropogenic influence.  105 

More narrowly, a detectable change refers to one that is highly unlikely (typically p < 0.05) to 106 

occur from natural variability alone.  Natural variability here refers to changes (either forced or 107 

from internal variability) that occur due to natural processes alone, without  human influence.    108 

Attribution involves evaluating the relative contributions of different causal factors to an 109 

observed change, along with an assignment of statistical confidence (Hegerl et al. 2010; Bindoff 110 

et al. 2013).  This can  involve multivariate methods comparing spatial and temporal patterns of 111 

modeled forced signals to observations  (Hegerl et al. 2010), or univariate methods comparing 112 

individual observed regional or global timeseries to models (Knutson et al. 2013b).  While 113 

attribution is normally assessed once a climate change has been established as detectable, it has 114 

become more common practice for investigators to make attribution claims even in the absence 115 

of establishing a detectable change, particularly in the case of extreme event attribution.  We 116 

refer to such attribution claims as “attribution without detection.”  An example case of this is 117 

Murakami et al. (2015) who infer, using model simulations, that anthropogenic forcing has 118 

increased the occurrence rate of TCs near Hawaii and thus contributed to the active TC season in 119 

that region in 2014, despite the lack of a significant observed long-term increasing trend in TCs 120 

in the region. While such statements will typically have relatively low confidence, they can help 121 

identify possible anthropogenic climate change signals that might later become detectable.  122 
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Natural variability contributions can be assessed via long preindustrial climate simulations with 123 

constant forcing (which simulate internal variability) or by historical simulations forced by 124 

natural forcing agents only (e.g., volcanic and solar forcing).   Paleoclimate proxies can aid in 125 

evaluating how unusual an observed climate variability/change is compared to preindustrial 126 

behavior, but have so far been limited to a relatively small number of regions/locations.   In some 127 

TC-climate studies, a statistically significant linear trend or secular change is identified based on 128 

conventional statistical tests (e.g., t-test).  This type of statistical test does not necessarily 129 

demonstrate that the observed change is highly unusual compared to natural variability.  If the 130 

timeseries is long enough, an estimated contribution from natural variability can be statistically 131 

removed  (e.g., Kossin et al. 2016; Kossin 2018) to assess whether a significant trend remains, 132 

which would increase confidence in a climate change detection.  Confidence in  anthropogenic 133 

climate change detection depends on a number of factors:  confidence in the estimates of 134 

anthropogenic signal and natural variability contributions; whether the observed series being 135 

considered is free from significant spurious trends due to data inhomogeneity; and whether the 136 

observed timeseries spans a long enough period to reliably distinguish an anthropogenic signal 137 

from natural variability.   138 

Lloyd and Oreskes (2016) discuss the issue of Type I and Type II errors for detection and 139 

attribution.  Here, we interpret a Type I attribution error as concluding that anthropogenic forcing 140 

had contributed nontrivially in a certain direction to an observed change when it had not done so, 141 

while a Type II error means not concluding that anthropogenic forcing had contributed to some 142 

observed change or event in a certain direction when it had done so to a nontrivial extent.   143 

In this report, we place an emphasis on avoiding Type I detection errors by testing against a null 144 

hypothesis that an observed change was caused by natural variability.  We reject the null 145 
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hypothesis (i.e., detection) when there is sufficiently strong evidence against it using a relatively 146 

high statistical threshold (e.g. a 0.05 significance level), and preferably based on multiple studies 147 

using well-accepted methods.     148 

As discussed by Lloyd and Oreskes, whether a Type I or Type II error is more important to avoid 149 

is context- and audience-dependent.  If the goal is to advance scientific understanding, an 150 

emphasis on avoiding Type I errors seems logical.  However, for future planning and risk 151 

assessment, one may want to reduce Type II errors in particular.  For example, planners for 152 

infrastructure development in coastal regions may want to consider emerging 153 

detection/attribution findings--even if not at the 0.05 significance level-- in their planning and 154 

decision-making.   155 

We are motivated in this report both by the desire to improve scientific understanding and to 156 

provide useful guidance to those who need to deal with future risk.  Adopting only the Type I 157 

perspective has substantial potential for missing anthropogenic influences that are present but 158 

have not yet emerged or been identified to a high level of confidence.  Therefore, we also make 159 

some assessment statements considering the Type II error perspective.  For this, we consider 160 

whether there is a balance of evidence (more than 50% chance) that anthropogenic climate 161 

change contributed nontrivially in a specified direction to an observed change.  Further, for 162 

climate change detection, we adopt weaker criteria (e.g., p=0.1) for statistical significance and 163 

also assess whether the balance of evidence suggests that a detectable change has been 164 

identified—a lower burden of evidence than used for Type I error avoidance.   We recognize that 165 

the alternative Type II-error framing will lead to more speculative TC detection and/or 166 

attribution statements that have substantial potential for being false alarms (i.e., overstating 167 

anthropogenic influence), or for being overturned in future assessments.  We note that there is 168 
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also potential for confidence in TC detection/attribution statements to be revised upward in 169 

future assessments. 170 

 171 

3. Expected detectability of human influence on TC activity   172 

 173 

A timescale of expected emergence of a detectable signal in observations can sometimes be 174 

estimated (e.g., Mahlstein et al. 2012).  Bender et al. (2010) estimated that the detection 175 

timescale for a 10% per decade increase in Atlantic Category 4-5 hurricanes frequency would be 176 

about six decades.  (The term “Category” refers to the Saffir-Simpson intensity scale (Simpson 177 

and Riehl 1981; https://en.wikipedia.org/wiki/Saffir-Simpson_scale).  Kossin et al. (2013) noted 178 

limitations of using just three decades of TC intensity data for detection, based on a heuristic 179 

analysis of potential intensity (PI) changes.  (PI is a theoretical estimate of the maximum 180 

intensity a TC can attain for a given thermodynamic environment (Emanuel 1988).)  181 

 182 

The expected detectability of changes in a TC power dissipation index (PDI), and PI have also 183 

been assessed by Villarini and Vecchi (2013) and Sobel et al. (2016).  (PDI measures the 184 

accumulated cube of maximum wind speeds across all TCs and storm lifetimes.) They suggest 185 

that a detectable change in TC intensity or PDI might not be expected to date, owing to a 186 

significant offset of greenhouse warming influences by  aerosol cooling.  Sobel et al. (2016)  187 

note the large multi-decadal variability, compared to the expected signal, in an observation-based 188 

PDI metric. Shifting TC track/occurrence can influence storm-experienced PI, and thus signal 189 

detectability (Kossin and Camargo (2009), Kossin et al. (2014), Kossin (2015)).   190 
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 191 

In summary, it is perhaps not surprising that no clearly detectable anthropogenic influence has 192 

yet been identified for several TC metrics since a lack of detection appears consistent with 193 

historical simulations of expected PI changes to date as well as some heuristically determined 194 

and modeled emergence time scales (e.g., Bender et al. 2010; Kossin et al. 2013).  195 

    196 

4. Case Studies – Assessment of detection and attribution  197 

 198 

In this section, we review and assess several published case studies of possible detectable 199 

anthropogenic influence on TCs. 200 

 201 

a) Case Study:  Aerosol forcing influence on Atlantic TC activity.  202 

IPCC AR5 (Bindoff et al. 2013) concluded that there was medium confidence that increased TC 203 

activity in the North Atlantic since the 1970s resulted partly from reduced aerosol forcing but 204 

that it was uncertain whether any past changes in TC activity were outside the range of natural 205 

variability (see Supplemental Material).  These conclusions were based principally on Booth et 206 

al. (2012) and Villarini and Vecchi (2012; 2013), although Booth et al.’s conclusions have been 207 

challenged (Zhang et al. 2013).  Dunstone et al. (2013) modeled Atlantic TC frequency response 208 

to aerosol forcing, suggesting that anthropogenic aerosols could have been the dominant cause of 209 

20th century low-frequency North Atlantic TC variability (e.g, Mann and Emanuel 2006).  210 

Villarini and Vecchi’s (2012; 2013) statistical downscaling of Coupled Model Intercomparison 211 
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Project Phase 5 (CMIP5) models suggested that decreasing aerosols caused about 25% of the 212 

observed increase in Atlantic TC activity since the 1970s.  An update of Emanuel’s (2007) PDI 213 

(Fig. 1e) illustrates the strong increase in Atlantic TC activity from the early 1990s to 2005, 214 

though with a decreasing tendency after 2005.  Note that for Fig. 1e, no adjustments for 215 

incomplete sampling of TCs (such as possible missed storms in the pre-satellite era, following 216 

Vecchi and Knutson 2008) have been incorporated, which may result in a low bias in PDI in the 217 

earlier parts of the record shown.  Yan et al. (2017b) conclude that a recent (2005 to 2015) 218 

decline in Atlantic major hurricane counts was not likely due to aerosol forcing increases, but 219 

was more likely associated with increased vertical wind shear due to a weakening Atlantic Ocean 220 

meridional overturning circulation (AMOC). 221 

Ting et al. (2015) concluded that aerosols are more effective than greenhouse gases in 222 

modulating Atlantic PI changes and that the PI increases over the last 30 years have been 223 

dominated by multidecadal natural variability.   Zhang et al. (2017) used statistical methods to 224 

infer an impact of aerosol forcing on Atlantic TC activity via its influence on African outgoing 225 

longwave radiation gradients. Balaguru et al. (2018) tentatively attributed increases in Atlantic 226 

hurricane rapid intensification during 1986-2015 to natural variability, though not ruling out 227 

anthropogenic forcing.  Malavelle et al. (2017) concluded that the large indirect aerosol effect in 228 

some CMIP5 models is greatly overestimated.  Murphy et al. (2017), find that 38 of 41 CMIP5 229 

historical runs simulated an Atlantic Multidecadal Oscillation (AMO) that is significantly 230 

correlated with the observed AMO, suggesting a possible influence of historical forcings in 231 

driving AMO phases. 232 
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Vecchi and Delworth (2017),  Booth (2017), and Sutton et al. (2018) provide perspectives on the 233 

competing processes thought to be contributing to Atlantic multidecadal variability (AMV) and 234 

thus to TC activity.  While earlier studies held that this variability is primarily due to internal 235 

climate mechanisms, they review a number of more recent studies that conclude that external 236 

forcing of the climate system has played some role--and perhaps a crucial role--in observed 237 

AMV.   The North Atlantic Oscillation has been identified as an important driver of AMOC 238 

variability (Delworth et al. 2017).  Saharan dust changes  are another mechanism that may have 239 

contributed substantially to late 20th century Atlantic hurricane variability (Dunion and Velden 240 

2004; Evan et al. 2006; Strong et al. 2018).  Direct effects of aerosol pollution on TCs (Y. Wang 241 

et al., 2014) are another means by which TC climate could be affected by anthropogenic 242 

activities. 243 

Considering this evidence, the following summary statement was evaluated from a Type I error-244 

avoidance perspective by the author team:  “The estimated contribution of decreased 245 

anthropogenic aerosol forcing to the increased Atlantic TC frequency since the 1970s is large 246 

and positive and is highly unusual (e.g., p<0.05) compared to natural variability.” A majority (7 247 

of 11) authors expressed only low confidence in the above statement; the remaining 4 authors 248 

ranked it between low-to-medium and medium-to-high confidence.    249 

From Type II error-avoidance perspective, only one1 of 11 authors agreed with the statement that 250 

“the balance of evidence suggests that there has been a detectable increase in North Atlantic TC 251 

activity since the 1970s”.  Author opinion was divided on whether the balance of evidence 252 

suggested that anthropogenic forcing (e.g., greenhouse gases and aerosols) had contributed to 253 

increased North Atlantic TC activity since the 1970s, with only 5 of 11 authors concurring.   254 

                                                           
1 That author has unpublished work in progress that influenced his minority response. 
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 255 

b) Case Study:  Poleward migration of latitude of maximum intensity (western North 256 

Pacific) 257 

The latitude of lifetime-maximum intensity (LMI) of TCs has migrated poleward globally since 258 

1980 (Kossin et al. 2014)—a change which can influence TC hazard exposure and mortality risk 259 

(Kossin et al. 2016a). The migration is consistent with the independently-observed expansion of 260 

the tropics (Lucas et al. 2014), and has been linked to changes in areas of large-scale rising and 261 

sinking motion in the tropics (Sharmila and Walsh 2018).  The migration is apparent in the 262 

average latitude location of TC eyes (1982-2015) as obtained from satellite imagery (Knapp et 263 

al. 2018). Part of the northern hemisphere poleward migration is due to interbasin changes in TC 264 

frequency (Kossin et al. 2014; Moon et al. 2015; Kossin et al. 2016b; Moon et al. 2016), and the 265 

trends can be sensitive to the time period chosen (Song and Klotzbach 2018; Tennille and Ellis 266 

2017; Kossin 2018b) and to subsetting of the data by intensity (Zhan and Wang 2017). 267 

Significant poleward migration rates are observed in the western North Pacific, Southern Indian, 268 

and South Pacific basins and significant equatorward rates in the North Atlantic (Kossin et al. 269 

2016a; Kossin 2018).  270 

The migration rate is particularly well-observed and robust in the western North Pacific-- the 271 

focus of a number of studies (Kossin et al 2016a; Choi et al. 2016; Liang et al 2017; Oey and 272 

Chou 2016; Song and Klotzbach 2018; Zhan and Wang 2017; He et al. 2015; Tennile and Ellis 273 

2017; Kossin 2018; Studholme and Gulev 2018).  Therefore our case study focuses on this basin.   274 

Pacific LMI changes (1980-2013) are associated with a significant poleward migration of TC 275 

genesis latitude (Daloz and Camargo 2018).  Song and Klotzbach (2018) found that during 1961-276 
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2016 the latitudinal distance from genesis to latitude of maximum intensity increased, whereas 277 

the genesis latitude only increased in the latter part of the period.   Park et al. (2014) found that 278 

the location of maximum intensity in the western North Pacific moved closer to East Asia during 279 

19772010, leading to increased TC landfall intensity over east China, Korea and Japan.  A 280 

possibly related change observed in recent decades is a TC track shift from the South China Sea 281 

region toward the East China Sea (Wang et al. 2011; Kossin et al. 2016a).  This shift in recent 282 

decades may be due to a weakening of easterly steering flows in the western tropical North 283 

Pacific (Oey and Chou 2016)  or to a weakening and eastward shift of the subtropical high 284 

(Liang et al. 2017)—changes which these authors interpret as linked to global warming.  285 

However, past observed shifts in western North Pacific TC occurrence/tracks and circulation 286 

features have not yet been demonstrated to be detectable compared to natural variability (e.g., 287 

Lee et al. 2012).   288 

According to Kossin et al. (2016a), the LMI poleward migration in the western North Pacific is 289 

consistent among TC datasets, and the trend remains significant over the past 60–70 years after 290 

statistically removing the influence of El Niño/Southern Oscillation and the Pacific Decadal 291 

Oscillation (Fig. 1h).  Recent supplemental calculations by J. Kossin regress out influence of the 292 

AMO on west Pacific TC activity (e.g., Zhang et al. 2018), and replace the PDO index with an 293 

Interdecadal Pacific Oscillation (IPO) index for comparison to Song and Klotzbach (2018).  294 

These sensitivity tests show little effect on the trend in LMI.  The residual trends were also found 295 

to be robust to the use of annual or July-November averaged climate indices.   296 

Kossin et al. (2016a) find a nominally positive trend in western North Pacific LMI (1980-2005) 297 

in CMIP5 historical runs, but it is weaker than observed, and not statistically significant in the 298 

model ensemble. The LMI poleward migration is statistically significant in late 21st century 299 
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CMIP5 projections (Representative Concentration Pathway 8.5 scenario), with a similar spatial 300 

pattern and magnitude to the past observed changes there, supporting a possible anthropogenic 301 

contribution to the observed trends.  A caveat is that the CMIP5 TC simulations use global 302 

climate models that simulate only about 20-25% of the observed number of TCs in the basin 303 

(Camargo 2013). The upward trend in observed LMI over the past 60-70 years has not been 304 

compared with internal variability simulated by climate models.     305 

Most authors (eight of 11) concluded (Type I error perspective), that there is low-to-medium 306 

confidence that the observed poleward migration of the western North Pacific basin LMI is 307 

detectable compared with expected natural variability, while only  three authors had either 308 

medium (one) or medium-to-high (two)) confidence.  Author opinion was divided on whether 309 

anthropogenic forcing had contributed to this change, with six of 11 having only low confidence,  310 

two having  low-to-medium confidence, and three having medium confidence.    Alternatively, 311 

from a Type II error perspective, all authors concluded that the balance of evidence suggests that 312 

the observed poleward migration of the LMI in the western North Pacific basin is detectable; and 313 

nine of 11 authors concluded that the balance of evidence suggests that anthropogenic forcing 314 

contributed to the observed migration. 315 

  316 

c) Case Study:  Multidecadal to century-scale landfalling TC records  317 

Callaghan and Power (2011) find a statistically significant century-scale decreasing trend in 318 

severe landfalling TCs in eastern Australia (Fig. 1a).  However, they did not assess whether the 319 

change was caused by anthropogenic forcing, nor compared the trend to climate models’ internal 320 

variability. Haig et al (2014) analyzed a 1500-year TC paleoclimate proxy reconstruction for the 321 
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mid-west and northeast coasts of Australia and concluded that recent levels of TC activity in this 322 

region are the lowest in the past 550 to 1500 years.      323 

Weinkle et al. (2012) analyzed TC landfalls globally (Fig. 1i).  They make no claim of 324 

significant trends. While their global index for major TCs (Fig. 1i, dark bars) has a positive trend 325 

(1970-2010) with a p-value of 0.06 using a conventional linear trend test, their trend tests are not 326 

meant to be robust for trend detection in the presence of substantial multidecadal internal 327 

variability.  The timeseries of TC landfalls for Japan since 1901 (Fig. 1b from Kumazawa et al. 328 

2016) and global TC and hurricane frequency since 1970 (Fig. 1g from Maue et al. 2011) also 329 

show no strong evidence for trends. 330 

U.S. landfalling hurricane counts (1878-2017; Fig. 1c) show a nominally negative decline, 331 

although the trend over 1900-2017 is not statistically significant (Klotzbach et al. 2018).  332 

Hurricane Harvey’s U.S. landfall in 2017 ended an 11-year “drought” of major hurricane U.S. 333 

landfalls (Kossin et al. 2017), which had been tentatively attributed to natural variability (Hall 334 

and Hereid 2015).  Hart et al. (2016) discussed several limitations of focusing on such an index 335 

of major U.S. hurricane landfalls, noting the arbitrariness of several aspects of the index. An 336 

alternate index, based on accumulated cyclone energy, was analyzed by Truchelet and Staehling 337 

(2017).  Wang et al. (2011) and Kossin (2017) found that large-scale conditions that produce 338 

enhanced Atlantic hurricane activity in the deep tropics are statistically associated with 339 

conditions related to track changes (Wang et al.) or storm weakening (e.g., higher shear) near the 340 

U.S. coast  (Kossin 2017), that would decrease the chances of a hurricane making an intense U.S. 341 

landfall. 342 
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In summary, no detectable anthropogenic influence has been identified to date in observed TC 343 

landfalling data, using Type I error avoidance criteria.  From the viewpoint of Type II error 344 

avoidance, one of the above changes (decrease in severe landfalling TCs in eastern Australia), 345 

was rated as detectable, though not attributable to anthropogenic forcing (nine of 11 authors), 346 

with one dissenting author expressing reservations about the historical data quality in this case.  347 

 348 

d) Case Study:  Trends in global TC intensity 349 

 350 

Early studies of global TC intensity data found increasing trends in numbers of very intense TCs, 351 

and in their proportion of overall TCs (e.g., Webster et al. 2005; Elsner et al. 2008), but these 352 

results were questioned due to concerns about data quality and changes in observational 353 

capabilities over time (Landsea et al. 2006; Hagen and Landsea 2012; Klotzbach and Landsea 354 

2015).  A global TC intensity dataset was subsequently developed from satellite data in an effort 355 

to control for temporal inhomogeneities (Kossin et al. 2007).  In the latest version of this dataset 356 

(Kossin et al., 2013; Fig. 1f), a slight increasing trend in global intensity for the strongest TCs (at 357 

least hurricane intensity) was identified (p-value of 0.1), which is broadly consistent with 358 

expectations based on detectability studies (Kossin et al. 2013, Sobel et al. 2016).   Kang and 359 

Elsner (2015; 2016) infer a slight increase in global TC intensity over 1984-2012, but do not 360 

claim to identify a detectable anthropogenic influence.   361 

 362 

North Atlantic LMIs have a highly significant increasing trend over 1982-2009 using 363 

conventional trend tests (Fig. 1f), but the Atlantic basin has marked multidecadal variability that 364 

can confound climate change detection.   Park et al. (2013) found that intensity trends in the 365 
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western North Pacific have varied at the sub-basin scale, with increases south of Japan offsetting 366 

decreases in the Philippine Sea. Liu and Chan (2017) found an increase in PDI in the northern 367 

part of the basin and a decrease in the south, consistent with the observed poleward LMI 368 

migration. Mei and Xie (2016) found that over the last 37 years landfalling typhoon intensities 369 

have increased by 12-15%, with the proportion of landfalling Category 4-5 storms doubling 370 

during that period, though they did not compare these changes to expected natural variability or 371 

anthropogenic forcing responses.  372 

 373 

Despite this lack of robust climate change detection, the small observed increasing trend in 374 

global intensity (e.g., Kossin et al. 2013) is generally consistent with expectations of increasing 375 

TC intensity with global warming from potential intensity theory (e.g.., Sobel et a. 2016) and 376 

high resolution models (Knutson et al. 2010), pointing to a possibly emerging anthropogenic 377 

signal.  For example, in Sobel et al. (their Fig. 3) the positive influence of increasing greenhouse 378 

gases on model-simulated potential intensity is beginning to dominate over the negative 379 

influence from aerosols by the early 21st century in both the northern and southern hemisphere 380 

means. 381 

 382 

From the perspective of avoiding Type I errors, we conclude that there is only low confidence in 383 

detection and attribution of any anthropogenic influence on historical TC intensity in any basin 384 

or globally.  However, from the perspective of reducing Type II errors, ten of 11 authors 385 

concluded that the balance of evidence suggests that there is a detectable increase in the global 386 

average intensity of the strongest (hurricane-strength) TCs since the early 1980s, while one 387 

author believes that at least half of half of the observed increase is due to improving observations 388 
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during the period.  Eight of 11 authors concluded that the balance of evidence suggests 389 

anthropogenic forcing has contributed to the increase in global average TC intensity, while the 390 

other three authors were not convinced that an anthropogenic contribution has been demonstrated 391 

to a balance of evidence level using appropriate attribution methodologies. 392 

 393 

 394 

e) Case Study:  Atlantic hurricane surge record since 1923 395 

 396 

Grinsted et al. (2013) developed indices of U.S. surge events using six long-term tide gauge 397 

datasets. Their indices minimize the influence of long-term sea level rise. They detected a 398 

significant increasing trend since 1923 in the frequency of moderately large U.S. surge events (~ 399 

tropical storm size surge events and higher, Fig. 1d). Warm global temperature years were 400 

statistically associated with occurrence of large surge events--a statistical linkage suggesting 401 

anthropogenic influence. Lee et al. (2017) used alternative statistical models on the Grinsted et 402 

al. surge index, and estimated that if storm surges depend on global mean temperature, a signal 403 

should be confidently identified by 2030.  404 

 405 

Our expectation is that some worsening of total inundation levels during storms is occurring 406 

globally associated with the anthropogenic contributions to global and regional sea level rise 407 

(Bindoff et al. 2013, Horton et al. 2018), assuming all other factors equal (Woodruff et al. 2013; 408 

Sweet et al. 2013).  However, a TC climate change signal has not yet been convincingly 409 

identified as a residual in sea level extremes data, after accounting for background sea level rise.  410 

Marcos and Woodworth (2018) conclude that extreme sea levels have increased in several North 411 
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Atlantic basin locations since 1960, but not significantly if the mean sea level rise influence is 412 

removed. Wahl and Chambers (2015) removed mean sea level change influences and found 413 

some significant trends in residual extremes, but mostly along the southeast coast in the winter 414 

season (not the TC season).  Other related metrics of U.S. landfalling TC activity, such as the 415 

U.S. landfalling hurricane timeseries since 1878 (Fig. 1c), do not show evidence for a long-term 416 

increase.  Therefore, the evidence for detectable increases in U.S storm total inundation levels, 417 

apart from changes expected from sea level rise influence, is mixed. 418 

 419 

From the perspective of avoiding Type II errors, only two of 11 authors concluded that the 420 

balance of evidence suggests that there has been a detectable increase in the frequency of 421 

moderately large U.S. surge events since 1923 as documented by the index of Grinsted et al., and 422 

that anthropogenic forcing had contributed to the increase.  From a Type I error perspective, 423 

there is only low confidence for detection or attribution of an anthropogenic influence on the 424 

surge events described by the Grinsted et al. index. 425 

 426 

 427 

f) Case Study:  Event attribution for tropical cyclones 428 

A relatively new area for detection and attribution studies is the attribution of extreme events 429 

(U.S. National Academy of Sciences (NAS) 2016).  One approach is “ingredients-based”, re-430 

simulating an event using changes in large-scale environmental conditions (e.g., sea surface 431 

temperatures (SSTs) and atmospheric temperatures) based on model simulations of pre-432 

industrial-to-current anthropogenic climate change.  Using this approach, Lackmann (2015) finds 433 

no statistically significant impact of anthropogenic climate change on Hurricane Sandy’s (2012) 434 
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intensity but projected that continued 21st century warming would lead to significantly increased 435 

intensity. Takayabu et al.’s (2015) simulations suggest that anthropogenic forcing increased 436 

supertyphoon Haiyan’s (Philippines, 2013) intensity, using an estimated anthropogenic SST 437 

change signal with relatively strong warming near the Philippines.  Wehner et al. (2018) 438 

simulated a decreasing anthropogenic influence on Haiyan’s intensity, though using a lower 439 

resolution model.  Because these approaches assume the existence of a particular storm and 440 

synoptic situation, they do not address climate-induced changes in factors such as storm 441 

frequency or steering flows (e.g., Barnes et al. 2013).  442 

TC event attribution studies have focused on other types of  TC events, such as  unusually active 443 

TC seasons and a 20-yr regional decline in TC activity.  Some of these events have been tested 444 

for anthropogenic influence using model simulations.  For example, Murakami et al. (2015; 445 

2017) infer a substantial anthropogenic contribution to unusually high TC frequency near Hawaii 446 

in 2014 and 2015 and in the eastern Pacific basin in 2015.  Zhang et al. (2016) infer an 447 

anthropogenic contribution to high Accumulated Cyclone Energy (ACE) in the western North 448 

Pacific in 2015.  Exploring potential causes of recent decadal-scale changes, Takahashi et al. 449 

(2017) infer that changes in sulfate aerosol emissions caused more than half of the observed 450 

decline in TC frequency over the southeastern part of the western North Pacific during 1992-451 

2011, while Zhao et al. (2018) conclude that internal variability (the Interdecadal Pacific 452 

Oscillation) contributed to the lower TC frequency observed in the western North Pacific basin 453 

after 1998.  Using a statistical analysis, Yang et al. (2018) infer a contribution of global warming 454 

to record-setting (1984-2015) TC intensity in the western North Pacific in 2015.  Murakami et al. 455 

(2018) conclude that the active 2017 Atlantic hurricane season was mainly caused by high SSTs 456 
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in the tropical Atlantic relative to the global tropics, but did not attribute this seasonal event to 457 

anthropogenic forcing.   458 

None of the above event attribution studies provides convincing evidence for an observed change 459 

in TC activity being detectable (i.e., an observed climate change signal that is highly unusual 460 

compared to natural variability alone). Therefore, in the above studies, any cases of inferred 461 

anthropogenic attribution are examples of attribution without detection.  462 

We assessed several of the above studies in our elicitation, taking the perspective of avoiding 463 

Type II errors.  A slight majority of authors concluded that the balance of evidence suggests that 464 

anthropogenic forcing contributed to the active 2014 TC season near Hawaii  (six of 11 authors).  465 

Author opinion was divided on whether the balance of evidence suggested that anthropogenic 466 

forcing had contributed to the intensity of supertyphoon Haiyan in the western North Pacific 467 

(with only five of 11 authors agreeing with the statement).  A clear majority (eight of 11 authors) 468 

concluded that the balance of evidence suggest an anthropogenic contribution to the 2015 469 

western North Pacific TC season.  In none of the above cases did a majority of authors assess the 470 

observed changes as detectable, either from a Type I or Type II error perspective.     471 

 472 

g) Case Study:  Hurricane Harvey’s (2017) extreme rainfall 473 

 474 

Hurricane Harvey (2017) produced record-breaking three-day rainfall totals over the Houston 475 

region, mainly caused by the storm’s slow movement over eastern Texas.  Trenberth et al. (2018) 476 

concluded that Harvey’s rainfall totals were linked to the large ocean heat content lost from the 477 

unusually warm Gulf of Mexico during the storm.  Emanuel (2017) simulated large numbers of 478 
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TCs in the region under various climate conditions and found that the relative occurrence rate of 479 

Harvey-like TC rainfall in the region was substantially enhanced by anthropogenic changes to 480 

the large-scale environment--an example of model-based attribution without detection. Wang et 481 

al. (2018) modeled the influence of observed trends since 1980 in atmospheric variables and SST 482 

on Harvey’s evolution, but did not separate out an anthropogenic influence.  Zhang et al. (2018) 483 

concluded that urbanization contributed to the flood response to rainfall during Harvey as well as 484 

to the storm total rainfall. 485 

 486 

Van Oldenborgh et al. (2017) and Risser and Wehner (2017) examined long records of extreme 487 

rainfall in the region using extreme value analysis.  Van Oldenborgh et al. estimated that 488 

observed extreme precipitation had increased there by 12-22% since 1880. Examining 489 

simulations from three models, they concluded that global warming and associated 490 

environmental changes--which were primarily caused by greenhouse gas emissions from 491 

anthropogenic activities-- made the Harvey precipitation event 8-19% more intense (or 1.5 to 5 492 

times more likely).  Risser and Wehner inferred a large positive influence of human-induced 493 

climate change on extreme rainfall in the region, which they estimated as a likely increase in 494 

Harvey’s total rain of at least 19%, and the chances of the observed rainfall event (threshold 495 

exceedance) by at least 3.5 times.  Both studies suggest the observed precipitation increases 496 

exceeded the increase expected due to increased water vapor content alone associated with a 497 

warmer atmosphere.  These studies are examples of climate change detections for extreme 498 

rainfall in general in the east Texas region rather than specifically for hurricane-related rainfall 499 

rates.  We have adopted a relatively conservative approach to the assessment of extreme 500 
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precipitation trends in general in this assessment (e.g., van Oldenborgh et al 2017; Risser and 501 

Wehner 2017) because this is a topic that extends beyond the scope of our assessment. 502 

 503 

Previous assessments focusing on extreme rainfall in general have concluded that there is 504 

medium confidence that anthropogenic forcing has contributed to intensification of heavy 505 

precipitation over land at the global scale for regions with sufficient data coverage (Bindoff et al. 506 

2013) and over the United States  (Easterling et al. 2017).  However, a thorough assessment of 507 

long-term changes in extreme rainfall in general (including both TC-related and non-TC-related) 508 

and from urbanization influences is beyond the scope of our TC-climate assessment.  A 509 

detectable anthropogenic influence on near-surface water vapor has also been identified at the 510 

global scale with medium confidence (Bindoff et al. 2013).  At the regional scale, some evidence 511 

for a detectable anthropogenic contribution to centennial-scale sea surface warming has been 512 

reported for the western Gulf of Mexico (Vose et al. 2017), and upper-ocean heat content in the 513 

Gulf of Mexico has also increased since the 1960s (Trenberth et al. 2018), associated with the 514 

surface warming.     515 

 516 

Modeling studies suggest that hurricane-related precipitation rates (for a given storm) on average 517 

increase with anthropogenic warming (e.g., Knutson et al. 2010; 2015).  Patricola and Wehner 518 

(2018) conclude, based on a modeling study, that anthropogenic climate change has contributed 519 

to both the average and extreme rainfall characteristics of hurricanes Katrina, Irma and Maria; 520 

Harvey was not included in their study.  However, no observational studies have provided 521 

convincing evidence of a detectable anthropogenic influence specifically on hurricane-related 522 

precipitation. Kunkel et al. (2010) found a pronounced increase in frequency of TC-associated 523 
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extreme precipitation events in the U.S. comparing 1994-2008 to 1895-2008 climatology, but did 524 

not claim to have detected an anthropogenic signal. Lau and Zhou’s (2012) analysis of the 525 

relatively short (two decades) available satellite-based TC rainfall data does not find conclusive 526 

evidence for detectable anthropogenic influence on TC rainfall.   527 

 528 

In summary, from a Type I error perspective, the author team had low confidence that 529 

anthropogenic influence specifically on hurricane precipitation rates has been detected.  530 

Alternatively, from the perspective of reducing Type II errors, all authors concluded that the 531 

balance of evidence suggests that there has been a detectable long-term increase in occurrence of 532 

Hurricane Harvey-like extreme precipitation events in the eastern Texas region, and that 533 

anthropogenic forcing has contributed to this increase. 534 

 535 

 536 

 537 

h) Case Studies:  Changes in Arabian Sea TCs 538 

 539 

An observed increase in Arabian Sea pre-monsoon season TC intensity between 1979-1996 and 540 

1997-2010 was hypothesized to be due to decreasing storm-ambient vertical wind shear 541 

associated with changing meridional SST gradients due to a six-fold increase in regional 542 

anthropogenic aerosol emissions (Evan et al. 2011).  This interpretation has been debated (Wang 543 

et al. 2012; Evan et al. 2012). Rajeevan et al. (2013) document multidecadal variations in 544 

Arabian Sea pre-monsoon season TC activity, wind shear and upper ocean temperatures since 545 

1955 and interpret these as arising from natural variability.  Evan et al. (2011) is not an explicit 546 
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TC simulation study and no clear demonstration was made that the TC intensity changes were 547 

highly unusual compared to natural variability.  Consequently, from a Type II error perspective, 548 

our author team did not conclude that the balance of evidence supports either a detectable change 549 

or an anthropogenic contribution to the observed TC intensity increase. 550 

 551 

In a study of recent Arabian Sea post-monsoon season  extreme severe cyclonic storms (defined 552 

as TCs with maximum winds exceeding 46 m s-1) Murakami et al. (2017b) reported the first 553 

documented occurrence of such post-monsoon season TCs during 2014 and 2015, based on 554 

records extending only back to 1998.  They conducted long experiments with a 25 km-grid 555 

global coupled model using idealized fixed 1860, 1990, and 2015 radiative conditions and 556 

estimated more than a doubling in the probability of occurrence of such storms for 1990 and 557 

2015 climate forcings, relative to 1860.   558 

 559 

Among the caveats to this study, the 1998-2013 period of analysis is relatively short for 560 

identifying a detectable anthropogenic signal.   The modeling approach of using long fixed-561 

forcing runs (1990 and 2015), as opposed to transient climate change simulations, overestimates 562 

the anthropogenic climate change signal, since the constant-forcing model has more time than 563 

the real world to equilibrate to given forcing levels.  Their model simulated a general increase in 564 

TC activity with CO2 warming across other tropical regions (as seen for example in their Bay of 565 

Bengal results), implying that apparent agreement between the observed and simulated increase 566 

of post monsoon TC activity in the Arabian Sea region could be coincidental. However, in the 567 

North Indian Ocean only the post-monsoon strong TCs show an increase with historical 568 

anthropogenic forcing, in agreement with seasonal timing for the observed Arabian Sea TC 569 
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increases.   570 

 571 

In summary, from a Type I error perspective, there is low confidence in a detectable 572 

anthropogenic influence on increasing TC activity in the Indian Ocean region.  Alternatively, 573 

from the Type II error perspective, all authors concluded that the balance of evidence suggests 574 

there has been some detectable increase in the frequency of post-monsoon season extremely 575 

severe cyclonic storms over the Arabian Sea, and most authors (eight of 11) concluded that 576 

anthropogenic forcing has contributed to the increase.   577 

 578 

 579 

i) Case Study: Global increase in proportion of Category 4-5 TCs 580 

 581 

Holland and Bruyère (2014) analyzed changes in TC frequency for various storm categories, 582 

assessing IBTrACS/JTWC intensity data and a shorter homogenized satellite-based intensity data 583 

(Kossin et al. 2013).  From the satellite-based data, they conclude that the proportion of 584 

hurricanes reaching Category 4 or 5 intensity has increased by 25-30% per degree Celsius of 585 

global warming in recent decades.  A similar statistically significant signal was found in most 586 

individual TC basins.   587 

They tested for anthropogenic influence during 1975-2010 because the CMIP3 historical 588 

simulations they analyzed suggested little net anthropogenic influence on global mean 589 

temperature before 1975. Their analysis did not compare the observed changes over 1975-2010 590 

to expected internal climate variability on 35-year timescales from climate model control runs.  591 

Their linkage to anthropogenic forcing as a mechanism is statistical in nature as there is no 592 
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explicit comparison between observed storm metrics and those derived from simulations using 593 

historical forcings.  They inferred that the observed increase in proportion of Category 4-5 594 

storms (which by definition has an upper limit of 100%) may be reaching a saturation point soon 595 

and may not continue increasing over the coming century which could hinder its detectability 596 

using this particular metric.   597 

From the Type I error perspective, the author team did not conclude that there is confidence in 598 

detection of an anthropogenic climate change signal in historical proportion of very intense TCs.  599 

Alternatively, from the perspective of reducing Type II errors (where we, again, require less 600 

convincing levels of evidence), all authors concluded that the findings of Holland and Bruyère 601 

(2014), combined with other studies linking climate warming to increased TC intensity, provides 602 

a balance of evidence suggesting that the observed increase in Category 4-5 proportion in recent 603 

decades represents a detectable change.  Most authors (eight of 11) concluded that the balance of 604 

evidence suggests that the increase in proportion of Category 4-5 storms resulted in part from 605 

anthropogenic forcing.     606 

 607 

j) Case Study:  Global slowdown of TC translation speeds 608 

Kossin (2018a) reported a significant decreasing trend in global TC translation speed--about 10% 609 

over  1949-2016 (Fig. 1j).  This decrease has been particularly strong for TCs over land areas 610 

near the western North Pacific (-21%) and North Atlantic (-16%) basins, and around Australia (–611 

18%).   Chu et al. (2012) had previously reported a statistically significant decrease in steering 612 

flows and in storm translation speeds over 1958-2009 in the western North Pacific and South 613 

China Sea regions.   614 
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Kossin (2018a) interprets the observed global slowdown as consistent with expected changes in 615 

atmospheric circulation due to anthropogenic forcing. A few studies report future projections of 616 

TC propagation speeds under climate warming, and these contain examples of projected 617 

significant decreases in speeds (e.g., Knutson et al. 2013a; Gutmann et al. 2018) and other 618 

examples where there is an increase or no significant change (Knutson et al. 2013a; Kim et al. 619 

2014).  Thus, there is no consensus in the studies on the sign or significance of projected late 21st 620 

century change, nor do they provide direct guidance on expected historical forced changes. The 621 

observed trends in Kossin (2018a) are thus examples of significant linear trends that are not yet 622 

quantitatively linked to past anthropogenic influence based on direct model simulations.   623 

One possible implication of a TC propagation speed decrease would be an increase in TC-related 624 

rainfall amounts at fixed locations along the storms’ paths.  Altman et al. (2013) reported very 625 

strong century-scale increases in typhoon-related rainfall rates over Korea during 1904-2008, 626 

although their study does not present enough methodology details for a careful assessment.  Kim 627 

et al. (2006) had previously reported large increases in TC-related rainfall rates in Korea 628 

beginning around 1980, based on a shorter record extending back to 1954.   629 

In summary, from a Type I error avoidance perspective, a slight majority of the authors (6 of 11) 630 

had only low confidence that there has been a detectable decrease in global or western North 631 

Pacific TC translation speeds since 1949.  For the other five authors, four had low-to-medium 632 

confidence, and one had medium confidence).  Most authors (eight of 11) concluded that there 633 

was only low confidence that anthropogenic forcing had contributed to the observed decrease.   634 

Alternatively, from the perspective of reducing Type II errors, most authors (eight of 11) 635 

concluded that the balance of evidence suggests there has been a detectable decrease in global 636 
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TC translation speeds since 1949; only one author concluded that the balance of evidence 637 

suggests that anthropogenic forcing has contributed to the observed decrease.   638 

 639 

5. Paleoclimate Perspectives 640 

 641 

Paleoclimate studies of TC activity can be used to explore the expected background level of 642 

natural variability based on datasets that are much longer than available instrumental records. 643 

Such natural variability has the potential to be a confounding factor for detection and future 644 

climate projections.  Paleoclimate records can also be used for better assessing TC risk analysis 645 

even in the absence of changing climate.  646 

Paleoclimate TC records have been extracted at specific locations for periods up to about 8,000 647 

years ago. Analysis of these data suggests large centennial-scale variations in TC activity over 648 

the past few thousand years (Liu, 2001; Woodruff et al. 2012; Donnelly et al. 2015; Muller et al. 649 

2017) at these locations. Reasons for these variations are not clear. Since there are clear 650 

relationships in the current climate between El Niño/Southern Oscillation (ENSO) variations and 651 

TCs, it is possible that such a relationship could also be observed in paleoclimate data. However, 652 

Muller et al. (2017) conclude that there does not appear to be a clear association in the various 653 

TC basins between periods of enhanced El Niño activity and TC activity that is consistent with 654 

current climate relationships (Nott and Forsyth 2012; Haig and Nott 2016). Yan et al. (2017a) 655 

identified a potential indicator of centennial-scale variations in TC numbers in the western North 656 

Pacific in the past millennium, but these variations tend to be inconsistent with written typhoon 657 

records from China during this time. Denniston et al. (2015) find more consistent relationships 658 
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between ENSO variations and TC incidence in the Australian region over the past 2,000 years.  659 

Donnelly and Woodruff (2007) find a strong statistical relationship between a 5,000 year proxy 660 

record of intense Caribbean hurricane landfalls and a proxy reconstruction of El Niño variability.   661 

Several studies have suggested a link between TC incidence, patterns of SST and the position of 662 

the Intertropical Convergence Zone (ITCZ), with a more northerly mean position favoring more 663 

TC incidence, a result supported by climate models (Merlis et al. 2013; van Hengstum et al. 664 

2016).  Note that  projections of future climate typically include a more poleward ITCZ in the 665 

Northern Hemisphere summer (Ceppi et al. 2013). In the Atlantic, a number of paleo-TC studies 666 

find relationships between higher SSTs in the main TC development region and greater numbers 667 

of TCs (Donnelly et al. 2015; Trouet et al. 2016). 668 

A cautionary note on these studies is that past climates (with different climate forcings) may not 669 

provide good analogues for expected natural climate variability over the past century or for 21st 670 

century variability and change.  Also paleoclimate studies typically cover one or a limited 671 

number of specific locations, and thus can only be used with caution to infer basin- or regional-672 

scale TC activity. 673 

In summary, clear centennial-to-millennial scale variations in TC activity have been documented 674 

in paleoclimate records, which provide some long-term context for observed TC variability on a 675 

centennial scale.  The paleo proxy studies to date do not contradict our conclusions about 676 

detection and attribution in this report that are based on the historical-era TC data.  677 

 678 

6. Summary 679 

 680 
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In this assessment, we have focused on the question:  Can an anthropogenic influence on TC 681 

activity be detected in past data?  We explore this question from two perspectives:  682 

avoiding/reducing either Type I or Type II errors, since we presume that different audiences will 683 

have different preferences on which type of error should be avoided to a greater extent.  A 684 

summary of the distribution of author opinion on the various potential detection and attribution 685 

statements discussed in Section 4 is provided in Table 1.   686 

Using the conventional perspective of avoiding Type I error, the strongest case for a detectable 687 

change in TC activity is the observed poleward migration of the latitude of maximum intensity in 688 

the northwest Pacific basin, with eight of 11 authors rating the observed change as low-to-689 

medium confidence for detection (with one other author having medium and two other authors 690 

having medium-to-high confidence).  A slight majority of authors (six of 11) had only low 691 

confidence that anthropogenic forcing had contributed to the poleward shift.   The majority of the 692 

author team also had only low confidence that any other observed TC changes represented either 693 

detectable changes or attributable anthropogenic changes.  694 

From the perspective of reducing Type II errors, a majority of the author team agreed on a 695 

number of more speculative TC detection and/or attribution statements, which we recognize have 696 

substantial potential for being false alarms (i.e., overstating anthropogenic influence) but which 697 

may be indicators of emerging anthropogenic signals in the data. Most authors agreed that the 698 

balance of evidence suggests detectable anthropogenic contributions to: i) the  poleward 699 

migration of the latitude of maximum intensity in the western North Pacific; ii) increased 700 

occurrence of extremely severe (post-monsoon season) cyclonic storms in the Arabian Sea; iii) 701 

increased global average intensity of the strongest TCs since early 1980s; iv) increase in global 702 

proportion of TCs reaching Category 4 or 5 intensity in recent decades; and v) increased 703 
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frequency of Hurricane Harvey-like extreme precipitation events in the Texas (U.S.) region.  In 704 

addition, a majority of authors concluded that the balance of evidence suggested an 705 

anthropogenic influence (without detection) on: vi) the unusually active TC season in the 706 

western North Pacific in 2015.  Author opinion was divided but a slight majority concluded that: 707 

vii) unusually high TC frequency near Hawaii in 2014 was a case where the balance of evidence 708 

suggested an anthropogenic influence (without detection).  Finally, most authors concluded that 709 

the balance of evidence suggests: viii) detectable (but not attributable) decreases in severe 710 

landfalling TC frequency  in eastern Australia since the late 1800s; and ix) detectable (but not 711 

attributable) decreased global TC translation speeds since 1949.  712 

Regarding storm surge, our expectation is that a widespread worsening of total inundation levels 713 

during storms is occurring due to the global mean sea level rise associated with anthropogenic 714 

warming, assuming all other factors equal, although we note that no TC climate change signal 715 

has been convincingly detected in sea level extremes data.  To date, there is not convincing 716 

evidence of a detectable anthropogenic influence on hurricane precipitation rates, in contrast to 717 

the case for extreme precipitation in general, where some anthropogenic influence has been 718 

detected.  719 

The relatively low confidence in TC change detection results from several factors, including: 720 

observational limitations, the smallness of the expected human-caused change (signal) relative to 721 

the expected natural variability (noise), or the lack of confident estimates of the expected signal 722 

and noise levels.  Going forward, continued development/maintenance of climate-quality TC-723 

related observed datasets, paleo-storm proxies, and TC statistics from appropriately designed 724 

modeling studies will all be important for further progress.  Monitoring and analysis of various 725 
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TC indices, and development of improved climate models with TC simulation capabilities, are 726 

strongly recommended to help identify emerging anthropogenic TC climate change signals.   727 

 728 
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Figure Captions  1128 

Fig. 1.  Sample long observed TC timeseries.  a) Annual number of severe landfalling TCs in 1129 

eastern Australia (1873-2011), with the linear trend shown as a black line (S. Power, personal 1130 

communication 2018, updated from Callaghan and Power 2011); b) annual number (bars) and 1131 

five-year running mean (line) of TC landfalls on Japan for 1900-2014 (H. Fudeyasu, personal 1132 

communication 2018, adapted from Kumazawa et al. 2016; c) five-year running mean (thick 1133 

line) and annual (thin line) count of U.S. landfalling hurricanes (1878-2017) from 1134 

www.amol.noaa.gov/hrd/hurdat/comparison_table.html;  d) index of moderately large U.S. surge 1135 

events (tropical storm size and higher) for 1923-2016 (A. Grinsted, personal communication 1136 

2018, updated from Grinsted et al. 2012);  e) Atlantic basin TC power dissipation index and 1137 

tropical Atlantic sea surface temperature index (1949-2017), low-pass filtered (updated from 1138 

Emanuel 2007); f) lifetime maximum TC intensities from homogenized ADT-HURSAT dataset 1139 

(1982-2009) displayed as quantiles from 0.5 (median) to 0.9 as a function of year, with linear 1140 

trends superimposed (Kossin et al. 2013);  g) global annual occurrence frequency of all TCs (top 1141 

curve) and hurricane-intensity TCs (bottom curve) as 12-month running sums for 1970-May 1142 

2018 (R. Maue, personal communication 2018, updated from Maue 2011); h) annual average 1143 

latitude of maximum TC intensity in the western North Pacific, with El Niño and Pacific Decadal 1144 

Oscillation influences removed by linear regression, straight line depicting the linear trend 1145 

excluding the final year, and gray shading the 95% confidence bounds (Kossin et al. 2018b); i) 1146 

global frequency of landfalling TCs of  hurricane-strength (blue) or major hurricane strength 1147 

(red) for 1970-2016 (R. Pielke, Jr., and R. Maue, personal communication 2018; updated from 1148 

Weinkle et al. 2012); j) global average propagation speed of tropical cyclones (1949-2016) and 1149 

its linear trend, with gray shading depicting 95% confidence bounds on the trend (Kossin 2018a).  1150 
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Panels c, g, h, i, and j use approximately the same data source:  different revisions of version 3 of 1151 

IBTrACS (International Best Track Archive for Climate Stewardship) without adjustment.  1152 
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Fig. 1.  Sample long observed TC timeseries.  a) Annual number of severe landfalling TCs in eastern Australia 

(1873-2011), with the linear trend shown as a black line (S. Power, personal communication 2018, updated 

from Callaghan and Power 2011); b) annual number (bars) and five-year running mean (line) of TC landfalls on 

Japan for 1900-2014 (H. Fudeyasu, personal communication 2018, adapted from Kumazawa et al. 2016; c) five-

year running mean (thick line) and annual (thin line) count of U.S. landfalling hurricanes (1878-2017) from 

www.amol.noaa.gov/hrd/hurdat/comparison_table.html;  d) index of moderately large U.S. surge events 

(tropical storm size and higher) for 1923-2016 (A. Grinsted, personal communication 2018, updated from 

Grinsted et al. 2012);  e) Atlantic basin TC power dissipation index and tropical Atlantic sea surface temperature 

index (1949-2017), low-pass filtered (updated from Emanuel 2007); f) lifetime maximum TC intensities from 

homogenized ADT-HURSAT dataset (1982-2009) displayed as quantiles from 0.5 (median) to 0.9 as a function of 

year, with linear trends superimposed (Kossin et al. 2013);  g) global annual occurrence frequency of all TCs (top 

curve) and hurricane-intensity TCs (bottom curve) as 12-month running sums for 1970-May 2018 (R. Maue, 

personal communication 2018, updated from Maue 2011); h) annual average latitude of maximum TC intensity 

in the western North Pacific, with El Niño and Pacific Decadal Oscillation influences removed by linear 

regression, straight line depicting the linear trend excluding the final year, and gray shading the 95% confidence 

bounds (Kossin et al. 2018b); i) global frequency of landfalling TCs of  hurricane-strength (blue) or major 

hurricane strength (red) for 1970-2016 (R. Pielke, Jr., and R. Maue, personal communication 2018; updated 

from Weinkle et al. 2012); j) global average propagation speed of tropical cyclones (1949-2016) and its linear 

trend, with gray shading depicting 95% confidence bounds on the trend (Kossin 2018a).  Panels c, g, h, i, and j 

use approximately the same data source:  different revisions of version 3 of IBTrACS (International Best Track 

Archive for Climate Stewardship) without adjustment. 
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Figure 1. (contd.) 
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PERSPECTIVE:  TYPE I error avoidance: 
 

1. The estimated contribution of decreased anthropogenic aerosol forcing to the increased Atlantic TC frequency 
since the 1970s is large and positive and is highly unusual (e.g., p<0.05) compared to natural variability.   
Confidence:  Low  (7); Low-to-medium (2); Medium (1); Medium-to-high (1) 

2. Observed poleward migration of latitude of max intensity in NWPac basin is highly unusual (e.g., p<0.05; 
statistically distinguishable) compared with expected natural variability.  Confidence: Low-to-Medium (8); 
Medium (1); Medium-to-high (2) 

3. Anthropogenic forcing  has contributed to the observed poleward migration of the latitude of maximum 
intensity in the NW Pacific basin.   Confidence:  Low (6); low-to-medium (2); Medium (3). 

4. There has been a detectable decrease (highly unusual compared to natural variability; e.g., p<0.05) in the global 
scale propagation speed of TCs since 1949.  Confidence: Low (6); Low-to-medium (4); Medium (1) 

5. Anthropogenic forcing has contributed to the observed decrease in the global scale propagation speed of TCs 
since 1949.  Confidence: Low  (8); Low-to-medium (3) 

6. List any other observed multidecadal to century-scale change in TC activity that is highly unusual (e.g., p<0.05; 
statistically distinguishable) compared with expected natural variability (from a Type I error avoidance 
perspective), and provide confidence level.  None identified 

PERSPECTIVE:  TYPE II error avoidance.    Both detection and attribution  sub-statements are prefaced by "The 
balance of evidence suggests …";  and "Detectable" refers to "(unusual compared to natural variability, e.g., 

p<0.1)" 

7. Detectable increase in N. Atlantic TC activity since the 1970s (9% agree); and anthropogenic forcing (reduced 
aerosol forcing) has contributed to this increase (45% agree) 

8. Observed poleward migration of latitude of max intensity in NWPac basin is detectable (all agree); and 
anthropogenic forcing  has contributed to the observed poleward migration of the latitude of maximum intensity 
in the NW Pacific basin (82% agree) 

9. Detectable increase in TC intensity over the Arabian Sea (pre-monsoon season) 1979-2010 (none agree); and 
anthropogenic forcing has contributed to this increase (none agree). 

10. Detectable increase in the frequency of extremely severe cyclonic storms over the Arabian Sea (post-monsoon 
season) over 1998-2015 (all agree); and  anthropogenic forcing has contributed to this increase (73% agree) 

11. Detectable increase in the global proportion of TCs reaching Category 4 or 5 intensity in recent decades (all 
agree); and anthropogenic forcing has contributed to this increase (73% agree). 

12. Detectable increase in the global average intensity of strongest (hurricane intensity) TCs since the early 1980s 
(91% agree); and anthropogenic forcing has contributed to this increase of global average intensity of strongest 
(hurricane intensity) TCs (73% agree). 

13. Detectable multidecadal increase in TC occurrence near Hawaii (none agree); and anthropogenic forcing 
contributed to the recent unusually active TC season near Hawaii in 2014 (55% agree). 

14. Detectable increase in TC occurrence activity in the western North Pacific in recent decades (none agree); and 
anthropogenic forcing contributed to the recent unusually active TC season, including the record-setting (1984-
2015) TC intensity, in the western North Pacific in 2015 (73% agree) 

15. Detectable increase in the intensity of Hurricane Sandy-like storms in the Atlantic in recent decades (none 
agree); and anthropogenic forcing contributed to the intensity of Hurricane (Superstorm) Sandy in 2012 (none 
agree) 

16. Detectable increase in the intensity of Haiyan-like supertyphoons in the western North Pacific in recent 
decades (18% agree); and anthropogenic forcing contributed to the intensity of supertyphoon Haiyan in 2013 (45% 
agree) 

17. Detectable long-term increase in the occurrence of Hurricane Harvey-like extreme precipitation events in the 
Texas region (U.S.) (all agree); and anthropogenic forcing has contributed to increased frequency of Hurricane 
Harvey-like precipitation events in the Texas (U.S.) region (all agree); 

18. Detectable increase in the frequency of moderately large U.S. surge events since 1923 as documented by the 
index of Grinsted et al. (which strongly filters out sea level rise influences) (18% agree); and anthropogenic forcing 
has contributed to this increase (18% agree) 

 

Table 1.  Distribution of author opinion on potential tropical cyclone detection & attribution statements 

.elicitation.  
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19. Detectable decrease in the global scale propagation speed of TCs since 1949 (73% agree); and anthropogenic 
forcing has contributed to this decrease (9% agree). 

20. Detectable decrease in severe landfalling TCs in eastern Australia since the late 1800 (82% agree); and balance 
of evidence suggests anthropogenic forcing has contributed to this decrease (none agree) 

21. Detectable decrease in US landfalling hurricance frequency since the late 1800s (none agree); and 
anthropogenic forcing has contributed to this decrease (none agree) 

22. Detectable Increase in global major hurricane landfall frequency in recent decades (none agree); and 
anthropogenic forcing has contributed to this increase (none agree) 

23. Detectable decrease in TC frequency in the southeastern part of the western North Pacific (1992-2011) (none 
agree); and anthropogenic forcing (changes in aerosol emissions) has contributed to this decrease (50% agree). 
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Table 1. (contd.) 
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